Clemson  Universit 


3   1604  019  891    920 


•  >  <  \  s 


«MM     '  K 


Digitized  by  the  Internet  Archive 
in  2013 


http://archive.org/details/bulletinofunited54baru 


DEPARTMENT   OF   THE   INTERIOR, 


BULLETIN 


UNITED   STATES 


GEOLOGICAL  SURVEY 


No.    54 


ON  THE  THERMO-ELECTRIC  MEASUREMENT  OF  HIGH 
TEMPERATURES 


Clem*- 

CaV€T 


WASH  IKGTOX 

GOVERNMENT    PRINTING    OFFICT 

1889 


LIBRARY  CATALOGUE.  SLIPS. 

United  States.     Department  of  the  interior.     (  TJ.  S.  geological  survey). 
Department  of  the  interior    |  —  |    Bulletin    |  of  the    |  United 
States  j  geological  survey  |  no.  54  |  [Seal  of  the  department]  | 
Washington  |  government  printing  office  |  1889 

Second  title:  United  States  geological  survey  |  J.  W.  Powell, 
director  |  —  |  On  the  |  thermo-electric  measurement  |  of  |  high 
temperatures  |  by  |  Carl  Barns  I  [Vignette]  | 

Washington  |  government  printing  office  |  1889 

8°.    313  pp.  incl.  1  pi.    11  pi. 


Barus  (Carl). 

United  States  geological  survey  |  J.  W.  Powell,  director  |  —  | 
On  the  |  thermo-electric  measurement  |  of  |  high  temperatures  j 
by  |  Carl  Barus  |  [Vignette]  | 

Washington  |  government  printing  office  |  1889 

8°.    313  pp.  incl.  1  pi.     11  pi. 

[United  States.  Department  of  the  interior.  (TJ.  S.  geological  survey). 
Bulletin  541. 


United  States  geological  survey  |  J.  W.  Powell,  director  |  —  | 
On  the  |  thermo-electric  measurement  |  of  |  .high  temperatures  | 
by  |  Carl  Barns  |  [Vignette]  | 

Washington  |  government  printing  office  |  1889 

6°.    313  pp.  incl.  1  pi.  11  pi. 

[United  States.  Department  of  the  interior.  (TJ.  S.  geological  survey). 
Bulletin  54]. 


ADVERTISEMENT. 
[Bulletin  No.  54.] 


The  publications  of  the  United  States  Geological  Survey  are  issued  in  accordance  with  the  statute 
approved  March  3,  1879,  which  declares  that — 

' '  The  publications  of  the  Geological  Survey  shall  consist  of  the  annual  report  of  operations,  geological 
and  economic  maps  illustrating  the  resources  and  classification  of  the  lands,  and  reports  upon  general 
and  economic  geology  and  paleontology.  The  annual  report  of  operations  of  the  Geological  Survey 
shall  accompany  the  annual  report  of  the  Secretary  of  the  Interior.  All  special  memoirs  and  reports 
of  said  Survey  shall  be  issued  in  uniform  quarto  series  if  deemed  necessary  by  the  Director,  but  other- 
wise in  ordinary  octavos.  Three  thousand  copies  of  each  shall  be  published  for  scientific  exchanges 
and  for  sale  at  the  price  of  publication  ;  and  all  literary  and  cartographic  materials  received  in  exchange 
shall  be  the  property  of  the  United  States  and  form  a  part  of  the  library  of  the  organization :  And  the 
money  resulting  from  the  sale  of  such  publications  shall  be  covered  into  the  Treasury  of  the  United 
States." 

On  July  7,  1882,  the  following  joint  resolution,  referring  to  all  Government  publications,  was  passed 
by  Congress : 

' '  That  whenever  any  document  or  report  shall  be  ordered  printed  by  Congress,  there  shall  be  printed, 
in  addition  to  the  number  in  each  case  stated,  the  '  usual  number'  (1,900)  of  copies  for  binding  and 
distribution  among  those  entitled  to  receive  them.' 

Except  in  those  cases  in  which  an  extra  number  of  any  publication  has  been  supplied  to  the  Survey 
by  special  resolution  of  Congress  or  has  been  ordered  by  the  Secretary  of  the  Interior,  this  office  has 
no  copies  for  gratuitous  distribution. 

ANNUAL  REPORTS. 

I.  First  Annual  Report  of  the  United  States  Geological  Survey,  by  Clarence  King.  1880.  8°.  79  pp 
1  map. — A  preliminary  report  describing  plan  of  organization  and  publications. 

II.  Second  Annual  Report  of  the  United  States  Geological  Survey,  1880-81,  by  J.  W.  Powell.  1882 
8°.    Iv,  588  pp.     61  pi.     1  map. 

III.  Third  Annual  Report  of  the  United  States  Geological  Survey,  1881-'82,  by  J.  W.  Powell.  1883 
8°.    xviii,  564  pp.    67  pi.  and  maps. 

IV.  Fourth  Annual  Report  of  the  United  States  Geological  Survey,  1882-83,  by  J.  W.  Powell.  1884 
8°.    xxxii,  473  pp.    85  pi.  and  maps. 

V.  Fifth  Annual  Report  of  the  United  States  Geological  Survey,  1883-84,  by  J.  W.  Powell.  1885, 
8°.    xxxvi,  469  pp.     58  pi.  and  maps. 

VI.  Sixth  Annual  Report  of  the  United  States  Geological  Survey,  1884-'85,  by  J.  W.  Powell.  1K86 
8°.    xxix,  570  pp.    65  pi.  and  maps. 

VII.  Seventh  Annual  Report  of  the  United  States  Geological  Survey,  1885-86,  by  J.  W.  Powell.  1888 
8°.    xx,  656  pp.     72  pi.  and  maps. 

VIII.  Eighth  Annual  Report  of  the  United  States  Geological  Survey,  1886-'87f  by  J.  W.  Powell.  1889 
8°.     2  v.     xx,  1063  pp.     76  pi.  and  maps. 

The  Ninth  and  Tenth  Annual  Reports  are  in  press. 

MONOGRAPHS. 

Monograph  I  is  in  press. 

II.  Tertiary  History  of  the  Grand  Canon  District,  with  atlas,  by  Clarence  E.  Button,  Capt.  U.  S.  A. 
1882.    4°.    xiv,264pp.     42  pi.  and  atlas  of  24  sheets  folio.     Price  $10.12. 

III.  Geology  of  the  Comstock  Lode  and  the  Washoe  District,  with  atlas,  by  George  F.  Becker.  1882. 
4°.    xv,  422  pp.    7  pi.  and  atlas  of  21  sheets  folio.    Price  $11. 

IV.  Comstock  Mining  and  Miners,  by  Eliot  Lord.     1883.     4°.     xiv,  451  pp.     3  pi.     Price  $1.50. 

V.  The  Copper-Bearing  Rocks  of  Lake  Superior,  by  Roland  Duer  Irving.  1883.  4°.  xvi,  4(14  pp. 
15  1.     29  pi.  and  maps.     Price  $1.85. 

VI  Contributions  to  the  Knowledge  of  the  Older  Mesozoic  Flora  of  Virginia,  by  William  Morris 
Fontaine.    1883,    4°.    xi,  144  pp,    54  1.    54  pi.    Price  $1.05. 

I 


n  ADVERTISEMENT. 

VII.  Silver-Lead  Deposits  of  Eureka,  Nevada,  by  Joseph  Story  Curtis.  1884.  4°.  xiii,  200  pp.  16 
pi.     Price  $1.20. 

VIII.  Paleontology  of  the  Eureka  District,  by  Charles  Doolittle  Walcott.  1884.  4°.  xiii,  298  pp. 
241.     24  pi.     Price  $1.10. 

IX.  Brachiopoda  and  Lam ellibranchiata  of  the  Rari tan  Clays  and  Greensand  Marls  of  New  Jersey, 
by  Robert  P.  Whitfield.    1885.    4°.    xx,  338  pp.    35  pi     1  map.     Price  $1.15. 

X.  Dinocerata.  A  Monograph  of  an  Extinct  Order  of  Gigantic  Mammals,  by  Othniel  Charles  Marsh. 
1886.    4°.    xviii,  243  pp.     561.     56  pi.     Price  $2.70. 

XL  Geological  History  of  Lake  Lahontan,  a  Quaternary  Lake  of  Northwestern  Nevada,  by  Israel 
Cook  Russell.    1885.    4°.    xiv,  288  pp.    46  pi.  and  maps.     Price  $1.75. 

XII.  Geology  and  Mining  Industry  of  Leadville,  Colorado,  with  atlas,  by  Samuel  Franklin  Emmons. 
1886.    4°.    xxix,  770  pp.     45  pi.  and  atlas  of  35  sheets  folio.     Price  $8.40. 

XIII.  Geology  of  the  Quicksilver  Deposits  of  the  Pacific  Slope,  with  atlas,  by  George  F.  Becker. 
1888.    4°.    xix,  486  pp.     7  pi.  and  atlas  of  14  sheets  folio.     Price  $2.00. 

XIV.  Fossil  Fishes  and  Fossil  Plants  of  the  Triassic  Rocks  of  New  Jersey  and  the  Connecticut  Val- 
ley, by  John  S.  Newberry.     1888.    4°.    xiv,  152  pp.     26  pi.     Price  $1.00. 

XV.  The  Potomac  or  Younger  Mesozoic  Flora,  by  William  Morris  Fontaine.  1889.  4°.  xiv,  377 
pp.    180  pi.    Text  and  plates  bound  separately.    Price  $3.25. 

In  press: 

XVI.  Paleozoic  Fishes  of  North  America,  by  J.  S.  Newberry. 
I.  Lake  Bonneville,  by  G.  K.  Gilbert. 

In  preparation 

—  Description  of  New  Fossil  Plants  from  the  Dakota  Group,  by  Leo  Lesquereux. 

—  Gasteropoda  of  the  New  Jersey  Cretaceous  and  Eocene  Marls,  by  R.  P.  Whitfield. 

—  Geology  of  the  Eureka  Mining  District,  Nevada,  with  atlas,  by  Arnold  Hague. 

—  Sauropoda,  by  O.  C.  Marsh. 

—  Stegosauria,  by  O.  C.  Marsh. 

—  Brontotheridae,  by  O.  C.  Marsh. 

—  The  Penokee-Gogebic  Iron-Bearing  Series  of  North  Wisconsin  and  Michigan,  by  Roland  D.  Irving. 

—  Report  on  the  Denver  Coal  Basin,  by  S.  F.  Emmons. 

—  Report  on  Silver  Cliff  and  Ten-Mile  Mining  Districts,  Colorado,  by  S.  F.  Emmons. 

—  Flora  of  the  Dakota  Group,  by  J.  S.  Newberry. 

—  The  Glacial  Lake  Agassiz,  by  Warren  Upham. 

—  Geology  of  the  Potomac  Formation  in  Virginia,  by  W.  M.  Fontaine. 

BULLETINS. 

1.  On  Hypersthene-Andosito  and  on  Triclinic  Pyroxene  in  Augitic  Rocks,  by  Whitman  Cross,  with  a 
Geological  Sketch  of  Buffalo  Peaks,  Colorado,  by  S.F.  Emmons.    1883.    8°.    42  pp.    2  pi.     Price  10  cents. 

2.  Gold  and  Silver  Conversion  Tables,  giving  the  coining  vaiues  of  troy  ounces  of  fine  metal,  etc.,  com- 
puted by  Albert  Williams,  jr.     1883.     8°.     8  pp.     Price  5  cents. 

3.  On  the  Fossil  Faunas  of  the  Upper  Devonian,  along  the  meridian  of  76°  30',  from  Tompkins  County, 
N.  Y.,  to  Bradford  County,  Pa.,  by  Henry  S.  Williams.     1884.     8°.     36  pp.     Price  5  cents. 

4.  On  Mesozoic  Fossils,  by  Charles  A.  White.    1884.     8°.     36  pp.   9  pi.     Price  5  cents. 

5.  A  Dictionary  of  Altitudes  in  the  United  States,  compiled  by  Henry  Gannett.  1884.  8°.  325  pp 
Price  20  cents. 

6.  Elevations  in  the  Dominion  of  Canada,  by  J.  W.  Spencer.     1884.    8°.     43  pp.     Price  5  cents. 

7.  Mapoteca  Geologica  Americana.  A  Catalogue  of  Geological  Maps  of  America  (North  and  South), 
1752-1881,  in  geographic  and  chronologic  order,  by  Jules  Marcou  and  John  Belknap  Marcou.  188«. 
8°.     184  pp.     Price  10  cents. 

8.  On  Secondary  Enlargements  of  Mineral  Fragments  in  Certain  Rocks,  by  R.  D.  Irving  and  C.  R. 
VanHise.    1884.    8°.     56  pp.     6  pi.    Price  10  cents. 

9.  A  Report  of  work  done  in  the  Washington  Laboratory  during  the  fiscal  year  1883-'84.  F.  W.  Clarke, 
chief  chemist;  T.  M.  Chatard,  assistant  chemist.    1884.    8°.    40  pp.    Price  5  cents. 

10.  On  the  Cambrian  Faunas  of  North  America.  Preliminary  studies,  by  Charles  Doolittle  Walcott. 
1884.    8°.    74  pp.    10  pi.    Price  5  cents. 

11.  On  the  Quaternary  and  Recent  Mollusca  of  the  Great  Basin;  with  Descriptions  of  New  Forms,  by 
R.  Ellsworth  Call.  Introduced  by  a  sketch  of  the  Quaternary  Lakes  of  the  Great  Basin,  by  G.  K. 
Gilbert.    1884.    8°.    66  pp.    6  pi.    Price  5  cents. 

12.  A  Crystallographic  Study  of  the  Thinolite  of  Lake  Lahontan,  by  Edward  S.  Dana.  1884.  8°. 
34  pp.     3  pi.    Price  5  cents. 

13.  Boundaries  of  the  United  States  and  of  the  several  States  and  Territories,  with  a  Historical 
Sketch  of  the  Territorial  Changes,  by  Henry  Gannett.     1885.     8°.     135  pp.     Price  10  cents. 

14.  The  Electrical  and  Magnetic  Properties  of  the  Iron-Carburets,  by  Carl  Barus  and  Vincent 
Strouhal.    1885.    8°.    238  pp.     Price  15  cents. 

15.  On  the  Mesozoic  aud  Cenozoic  Paleontology  of  California,  by  Charles  A.  White.  1885  8°. 
33  pp.    Price  5  cents. 


ADVERTISEMENT.  Ill 

16.  On  the  Higher  Devonian  Faunas  of  Ontario  County,  New  York,  hy  John  M.  Clarke.  1885.  8°. 
86  pp.    3  pi     Price  5  cents. 

17.  On  the  Development  of  Crystallization  in  the  Igneous  Rocks  of  Washoe,  Nevada,  with  Notes  on 
the  Geology  of  the  District,  by  Arnold  Hague  and  Joseph  P.  Iddings.    1885.     8°.    44  pp.    Price  5  cents. 

18.  On  Marine  Eocene,  Fresh- water  Miocene,  aud  other  Fossil  Mollusca  of  Western  North  America, 
by  Charles  A.  White.     1885.    8°.    26  pp.    3  pi.    Price  5  cents. 

19.  Notes  on  the  Stratigraphy  of  California,  by  George  F.  Becker.     1885.     8°.    28  pp.     Price  5  cents. 

20.  Contributions  to  the  Mineralogy  of  the  Rocky  Mountains,  by  Whitman  Cross  and  W.  F.  Hille- 
brand.    1885.    8°.    114  pp.     1  pi.    Price  10  cents. 

21.  The  Lignites  of  the  Great  Sioux  Reservation.  A  Report  on  the  Region  between  the  Grand  and  Mo- 
reau  Rivers,  Dakota,  by  Bailey  Willis.     1885.    8°.     16  pp.     5  pi.     Price  5  cents. 

22.  On  New  Cretaceous  Fossils  from  California,  by  Charles  A.  White.  1885.  8°.  25  pp.  5  pi.  Price 
5  cents. 

23.  Observations  on  the  Junction  between  the  Eastern  Sandstone  and  the  Keweenaw  Series  on 
Keweenaw  Point  Lake  Superior,  by  R.  D.  Irving  and  T.  C.  Chamberlin.  1885.  8°.  124  pp.  17  pi. 
Price  15  cents. 

24.  List  of  Marine  Mollusca,  comprising  the  Quaternary  fossils  and  recent  forms  from  American 
Localities  between  Cape  Hatteras  and  Cape  Roque,  including  the  Bermudas,  by  William  Healey  Dall. 
1885.    8°.    336  pp.    Price  25  cents. 

25.  The  Present  Technical  Condition  of  the  Steel  Industry  of  the  United  States,  by  Phineas  Barnes. 
1885.    8°.    85  pp.    Price  10  cents. 

26.  Copper  Smelting,  by  Henry  M.  Howe.     1885.    8°.    107  pp.     Price  10  cents. 

27.  Report  of  work  done  in  the  Division  of  Chemistry  and  Physics,  mainly  during  the  fiscal  year 
1884-85.    1886.    8°.    80  pp.    Price  10  cents. 

28.  The  Gabbros  and  Associated  Horn  blende  Rocks  occurring  in  the  Neighborhood  of  Baltimore,  Md., 
by  George  Huntington  Williams.     1886.     8°.    78  pp.    4  pi.    Price  10  cents. 

29.  On  the  Fresh-water  Invertebrates  of  the  North  American  Jurassic,  by  Charles  A.  White.  1886. 
8°.    41  pp.    4  pi.     Price  5  cents. 

30.  Second  Contribution  to  the  Studies  on  the  Cambrian  Faunas  of  North  America,  by  Charles  Doo- 
little  Walcott.     1886.     8°.     369  pp.     33  pi.     Price  25  cents. 

31.  Systematic  Review  of  our  Present  Knowledge  of  Fossil  Insects,  including  Myriapods  and  Arach- 
nids, by  Samuel  Hubbard  Scudder.     1886.    8°.     128  pp.     Price  15  cents. 

32.  Lists  and  Analyses  of  the  Mineral  Springs  of  the  United  States;  a  Preliminary  Study,  by  Albert 
C.  Peale.     1886.    8°.    235  pp.     Price  20  cents. 

33.  Notes  on  the  Geology  of  Northern  California,  by  J.  S.  Diller.     1886.    8°.    23  pp.     Price  5  cents. 

34.  On  the  relation  of  the  Laramie  Molluscan  Fauna  to  that  of  the  succeeding  Fresh-water  Eocene 
and  other  groups,  by  Charles  A.  White.     1886.    8°.    54  pp.    5  pi.    Price  10  cents. 

35.  Physical  Properties  of  the  Iron-Carburets,  by  Carl  Barus  and  Vincent  Strouhal.  1886.  8°.  62 
pp.    Price  10  cents. 

36.  Subsidence  of  Fine  Solid  Particles  in  Liquids,  by  Carl  Barus.     1886.     8°.     58  pp.    Price  10  cents. 

37.  Types  of  the  Laramie  Flora,  by  Lester  F.  Ward.     1887.     8°.     354  pp.     57  pi.     Price  25  cents. 

38.  Peridotite  of  Elliott  County,  Kentucky,  by  J.  S.  Diller.     1887.     8°.     31  pp.    1  pi.    Price  5  cents. 

39.  The  Upper  Beaches  and  Deltas  of  the  Glacial  Lake  Agassiz,  by  Warren  Upham.  1887.  8°.  84 
pp.    1  pi.    Price  10  cents. 

40.  Changes  in  River  Courses  in  Washington  Territory  due  to  Glaciation,  by  Bailey  Willis.  1887.  8°. 
10  pp.    4  pi.    Price  5  cents. 

41.  On  the  Fossil  Faunas  of  the  Upper  Devonian  — the  Genesee  Section,  New  York,  by  Henry  S. 
Williams.     1887.    8°.     121  pp.     4  pi.     Price  15  cents. 

42.  Report  of  work  done  in  the  Division  of  Chemistry  and  Physics,  mainly  during  the  fiscal  year 
1885-'86.     F.  W.  Clarke,  chief  chemist.     1887.     8°.     152  pp.     1  pi.     Price  15  cents. 

43.  Tertiary  and  Cretaceous  Strata  of  the  Tuscaloosa,  Tombigbee,  and  Alabama  Rivers,  by  Eugene 
A.  Smith  and  Lawrence  C.  Johnson.     1887.     8°.     189  pp.     21  pi.     Price  15  cents. 

44.  Bibliography  of  North  American  Geology  for  1886,  by  Nelson  H.  Darton.  1887.  8°.  35  pp. 
Price  5  cents. 

45.  The  Present  Condition  of  Knowledge  of  the  Geology  of  Texas,  by  Robert  T.  Hill.  1887.  8°.  94 
pp.    Price  10  cents. 

46.  Nature  and  Origin  of  Deposits  of  Phosphate  of  Lime,  by  R.  A.  F.  Penrose,  jr.,  with  an  Introduc- 
tion by  N.  S.  Shaler.     1888.    8°.     143  pp.     Price  15  cents. 

47.  Analyses  of  Waters  of  the  Yellowstone  National  Park,  with  an  Account  of  the  Methods  of  Anal- 
ysis employed,  by  Frank  Austin  Gooch  and  James  Edward  Whitfield.  1888.  8°.  84  pp.  Price  10 
cents. 

48.  On  the  Form  and  Position  of  the  Sea  Level,  by  Robert  Simpson  Woodward.  1888.  8°.  88  pp. 
Price  10  cents. 

49.  Latitudes  and  Longitudes  of  Certain  Points  in  Missouri,  Kansas,  and  New  Mexico,  by  Robert 
Simpson  Woodward.     1889.    8°.     133  pp     Price  15  cents. 

50.  Form u1  as  and  Tables  to  facilitate  the  Construction  and  Use  of  Maps,  by  Robert  Simpson  Wood- 
ward.   1889.    8°.    124  pp.    Price  15  cents. 


IV  ADVERTISEMENT. 

51.  On  Invertebrate  Fossils  from  the  Pacific  Coast,  by  Cbarles  Abiathar  White.  1889.  8°.  102  pp. 
14  pi.     Price  15  cents. 

52.  Sttbaerial  Decay  of  Rocks  and  Origin  of  the  Red  Color  of  Certain  Formations,  by  Israel  Cook 
Russell.     1889.     8°.     65  pp.     5  pi.    Price  10  cents. 

53.  The  Geology  of  Nantucket,  by  Nathaniel  Southgate  Shaler.  1889.  8°.  55  pp.  10  pi.  Price  10 
cents. 

54.  On  the  Thermo-Electric  Measurement  of  High  Temperatures  by  Carl  Barns.  1889.  8°.  313  pp. 
incl.  1  pi.     11  pi.    Price  25  cents. 

In  press: 

55.  Report  of  work  done  in  the  Division  of  Chemistry  and  Physics,  mainly  during  the  fiscal  year 
1886-'87. 

56.  Fossil  Wood  and  Lignite  of  the  Potomac  Formation,  by  F.  H.  Knowlton. 

57.  Notes  on  the  Geology  of  Southwestern  Kansas,  by  Robert  Hay. 

58.  On  the  Glacial  Boundary,  by  G.  F.  Wright. 
In  preparation: 

—  The  Gabbros  and  Associated  Rocks  in  Delaware,  by  F.  D.  Chester. 

—  Mineralogy  of  the  Pacific  Coast,  by  W.  H.  Melville  and  Waldemar  Lindgren. 

—  The  Greenstone  Schist  Areas  of  the  Menominee  and  Marquette  Regions  of  Michigan,  by  George 
H.  Williams;  with  an  Introduction  by  R.  D.  Irving. 

—  Bibliography  of  the  Paleozoic  Crustacea,  by  A.  W.  Vogdes. 

—  The  Viscosity  of  Solids,  by  Carl  Barns. 

^  On  a  Group  of  Volcanic  Rocks  from  the  Tewan  Mountains,  New  Mexico,  and  on  the  occurrence 
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PREFACE. 


The  present  publication  is  the  first  contribution  to  a  research  on 
the  physical  constants  of  rocks,  the  experiments  of  which  are  to  follow 
a  general  plan  devised  by  Mr.  Clarence  King,  former  Director  of  the 
U.  S.  Geological  Survey.  Retaining  such  questions  as  have  an  imme- 
diate bearing  on  dynamical  geology  for  his  own  investigation,  Mr.  King 
honored  me  by  placing  the  purely  physical  part  of  the  inquiry  into  my 
hands.  Our  undertaking  was  begun  some  years  ago.  I  was  in  com- 
munication with  Mr.  King  as  far  back  as  the  summer1  of  1881,  and 
much  work  in  the  way  of  determining  the  possibilities  of  the  problems, 
of  organizing  methods  of  research,  and  of  selecting  and  devising  suit- 
able apparatus,  was  done  prior  to  1882. 

Not,  however,  until  January  of  1882  were  definite  steps  taken  toward 
the  organization  of  a  physical  laboratory.  The  work  in  view  was  of 
too  elaborate  a  nature  to  be  undertaken  by  a  single  observer;  and  at 
my  request  Mr.  King  invited  Dr.  Vincent  Strouhal,  then  of  the  Univer- 
sity of  Wiirzburg,  ro  share  my  labors.  Our  early  endeavors  were  of  a 
pioneering  kind.  With  the  exception  of  a  few  instruments  which  bad 
been  used  in  the  physical  work  in  Nevada,  and  which  came  into  our 
possession  through  the  kindness  of  Mr.  G.  F.  Becker,  the  early  labora- 
tory of  the  Survey  was  furnished  entirely  at  the  expense  of  Mr.  King. 

It  is  but  just,  in  this  place,  to  acknowledge  a  debt  of  gratitude  which 
I  in  particular  owe  to  Mr.  Becker,  by  whom  our  efforts  in  the  direction 
of  physical  research  were  befriended  and  advanced.  It  will  be  remem- 
bered that  the  first  physical  work  on  the  Geological  Survey  was  done 
under  his  direct  supervision.2 

The  general  scope  of  the  problems  to  be  undertaken,  so  far  at  least 
as  their  purely  physical  relations  are  concerned,  has  been  briefly  given 
in  an  article  prepared  under  the  direction  of  Mr.  King,  and  printed  by 
the  Survey3  for  the  year  ending  June  30,  1882.  In  this  article  I  classi- 
fied the  parts  of  the  proposed  research  as  follows: 

(a)  Phenomena  of  fusiou.  These  would  comprehend  temperature  of  fusion,  specific 
volume  at  this  temperature  of  the  solid  and  of  the  liquid  materials  respect- 
ively, heat  expansion,  compressibility,  latent  heat  of  fusion,  specific 
heats — all  considered  with  especial  reference  to  their  variation  with  press- 
ure. 

1  Cf.  Second  Ann.  Rept.  U.  S.  Geol.  Survey,  1882,  p.  40. 

2Cf.  First  Ann.  Rept.  IT.  S.  Geol.  Survey,  1880,  p.  4(5;   Second  Ann.  Rept.  U.  S.  Geol. 
Survey,  1882,  pp.  311,  319-330. 
■J  Third  Ann.  Rept.  U.  S.  Geol.  Survey,  1883,  pp.  3-9. 
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(6)  Phenomena  of  elasticity  and  viscosity;  considered,  as  before,  with  especial  refer- 
ence to  their  dependence  on  temperature  and  pressure, 
(c)  Phenomena  of  heat  conductivity  under  analogous  circumstances. 

The  article  then  proceeds  to  select  the  relation  between  me1  ting  point 
and  pressure,  as  a  problem  the  experimental  difficulties  of  which  are 
perhaps  least  formidable ;  as  a  problem,  moreover,  which  for  thermo- 
dynamic reasons  may  judiciously  be  decided  upon  as  a  point  of  depart- 
ure. It  develops  certain  general  methods  by  aid  of  which  increments 
of  high  melting  point,  however  relatively  small,  are  measurable  even 
under  conditions  of  very  high  pressure.  It  concludes  by  signaling  the 
importance  of  special  and  preliminary  researches  on  the  measurement  of 
high  temperatures  and  of  high  pressures,  with  a  view  to  the  selection  of 
such/details  of  method  as  will  best  subserve  the  purposes  in  question. 

Throughout  the  present  research  the  points  here  mentioned  have 
been  carefully  kept  in  mind.  It  is  my  judgment  that  few  important 
steps  in  dynamical  geology  will  be  made  until  the  methods  for  the 
accurate  measurement  of  high  temperatures  and  of  high  pressures  have 
not  only  been  perfected  but  rendered  easily  available.  On  the  basis  of 
this  conviction  the  present  memoir  on  high  temperatures  has  been 
prepared;  and  though  the  experiments  on  temperatures  may  seem  to 
have  been  pushed  to  some  detail,  I  can  not  regard  them  either  as  pro- 
fuse or  as  superfluously  ambitious.  Indeed,  if  the  investigation  be  of 
any  fullness,  it  is  almost  essential  that  the  observer  master  the  com- 
ponent parts  of  his  research  separately;  and  not  until  he  has  satis- 
factorily done  this  can  he  apply  them  conjointly.  In  work  like  the 
present,  moreover,  the  value  of  the  data  can  scarcely  be  determined 
except  by  the  degree  of  uniformity  of  great  numbers  of  results. 

In  June,  1882,  Dr.  Strouhal  resigned  his  charge  to  take  a  professor 
ship  at  the  University  of  Prague.  At  my  request  Dr.  William  Hallock 
was  appointed  to  fill  the  vacancy,  and,  being  at  the  time  associated  with 
Dr.  Strouhal  in  certain  duties  abroad,  he  was  easily  able  to  complete 
the  work  which  the  latter  had  been  compelled  to  leave  unfinished.  Dr. 
Strouhal  made  the  purchases  of  all  the  instruments  we  desired  to  buy 
in  Germany,  while  Dr.  Hallock,  following  my  instructions,  proceeded  to 
purchase  such  apparatus  as  could  best  be  obtained  in  France. 

About  this  time  the  rooms  which  had  been  placed  at  my  disposal  by 
the  American  Museum  at  New  York  became  temporarily  unavailable. 
Moreover,  as  Dr.  Hallock  had  joined  me,  more  room  than  the  museum 
afforded  was  desirable.  After  due  deliberation  we  determined  to  rent 
a  house  in  New  Haven,  Conn.,  and  thither  the  laboratory  was  removed 
in  November,  1882.  Our  reasons  for  selecting  New  Haven  were,  briefly, 
that  a  satisfactory  house  for  practical  laboratory  purposes  could  be  ob- 
tained more  reasonably  there  than  elsewhere;  and  that  the  city  offered 
excellent  library  and  other  facilities  for  scientific  work,  such  as  can  be 
met  with  only  in  the  immediate  vicinity  of  a  large  university.  We  have 
abundant  cause  to  thank  the  gentlemen  in  charge  of  the  scientific  de- 
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partment  of  Yale  College  for  uiany  favors  which  they  kindly  extended 
to  us. 

The  researches  made  in  New  Haven,  in  so  far  as  they  fall  within  the 
scope  of  the  present  volume,  are  recorded  in  Chapter  I.  The  bulk  of 
our  New  Haven  work,  however,  was  in  organizing  a  working  laboratory 
and  determining  the  errors  and  the  constants  of  the  instruments,  and 
solving  other  problems  which  do  not  command  sufficient  general  inter- 
est to  be  chronicled.  The  high- temperature  work  prosecuted  there  was 
laid  out  on  a  large  scale,  and  the  practical  management  of  it  is  largely 
due  to  Dr.  Hallock.  Following  Deville  and  Troost,  the  plan  was  one  in 
which  large  masses  of  substances  are  thermally  operated  upon.  Un- 
doubtedly these  researches  would  have  led  to  important  results  beyond 
those  of  Chapter  I  if  there  had  been  time  to  carry  them  consistently 
through  to  the  end. 

The  work  in  New  Haven  was  not  satisfactorily  completed.  In  July, 
1883,  with  the  appointment  of  Prof.  F.  W.  Clarke  as  chief  chemist  of 
the  Geological  Survey,  our  laboratory  became  officially  counected  with 
the  chemical  laboratory.  Conformably  with  the  further  decision  of  the 
Director,  by  which  the  divers  laboratories  of  the  Geological  Survey 
were  united  in  one  central  laboratory  in  Washington,  it  was  again  neces- 
sary to  change  our  basis  of  operations,  this  time  (in  November,  1884)  from 
New  Haven  to  Washington.  In  the  quarters  assigned  to  us  in  the  U.  S. 
National  Museum,  temperature  work  on  so  large  a  scale  as  the  New 
Haven  work  appeared  impracticable,  and  it  was  therefore  abandoned. 

In  the  mean  time  Dr.  Hallock  had  been  placed  in  charge  of  a  series 
of  independent  researches  not  connected  with  ray  work,  and  the  experi- 
ments in  hand  were  carried  forward  by  myself  to  the  point  indicated 
in  the  present  volume.  Of  course  I  owe  much  to  the  experience  gained 
in  our  mutual  efforts,  detailed  in  Chapter  I. 

In  the  introductory  pages  I  give  a  succinct  account  of  the  chief 
methods  of  pyroinetry  which  have  thus  far  been  put  to  the  test. 

I  was  fortunate  in  being  able  to  avail  myself  of  the  fine  working 
library  of  the  American  Academy,  and  I  owe  much  to  the  courtesy  of 
Dr.  Austin  Holden,  the  librarian  in  charge. 

The  actual  investigations,  as  contained  in  Chapters  II,  III,  IV,  and 
V,  were  adapted  to  the  conditions  prevailing  at  the  National  Museum. 
In  place  of  the  dangerous  and  cumbersome  apparatus  of  the  former 
laboratory,  the  endeavor  is  made  to  reduce  all  apparatus  to  the  small- 
est dimensions  compatible  with  reasonable  accuracy  of  measurement. 

Methods  of  calibration  of  this  kind  based  upon  known  thermal  data 
(boiling  points)  are  developed  in  Chapter  II. 

I  make  in  Chapter  III  a  cursory  survey  of  certain  pyro-electric  proper- 
ties of  the  alloys  of  platinum.  Curiously  enough,  the  data  of  this  chapter 
led  to  a  striking  result,  inasmuch  as  it  appears  that  the  zero  resistance 
/(0),  if  the  resistance  at  t°  be  r=f(t) ),  and  the  zero  temperature  coeffi- 
cient /'(0)//(0),  are  related  to  each  other  by  a  law  which  during  the 
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stages  of  low  percentage  alloying  is  independent  of  the  ingredients  of 
the  alloy,  except  in  so  far  as  they  modify  its  electrical  conductivity. 

In  Chapter  IV  I  develop  a  method  for  the  direct  and  expeditious 
comparison  of  the  ther mo  couple  with  the  air  thermometer.  A  compar- 
ison of  the  data  of  Chapters  II  and  IV  gives  me  a  criterion  of  the  ac- 
curacy with  which  the  data  in  the  region  of  high  temperature  are  known. 
This  indirect  method  of  arriving  at  such  data  is  not  apparently  as  rig- 
orous as  their  direct  evaluation  by  means  of  the  air  thermometer;  but 
the  indirect  method  requires  much  smaller  quantities  of  substance  and 
may  be  conveniently  extended  to  much  higher  temperatures.  Taking 
all  liabilities  to  error  into  consideration,  its  inferior  accuracy  is  only 
apparent. 

The  results  recorded  in  these  chapters  will  lead  directly  to  the  com- 
parison of  the  data  to  be  obtained  with  porcelain  air  thermometers 
containing  different  gases,  or  one  and  the  same  gas  in  all  states  of 
tenuity.  When  methods  to  be  indicated  in  the  text  are  pursued  these 
comparisons  can  be  made  with  great  accuracy,  since  the  stem  errors 
and  the  expansion  errors  practically  vanish.  It  is  upon  such  results 
that  the  rigorous  validity  of  known  high-temperature  data  must  ulti- 
mately depend.  From  my  results,  moreover,  it  does  not  seem  absolutely 
essential  to  glaze  the  bulbs  within.  It  thus  appears  probable  that 
bulbs  can  be  made  of  lire-clay  body  by  which  the  upper  limit  of  direct 
temperature  measurement  (1,500°)  may  be  materially  increased. 

Finally,  I  propose  in  Chapter  V  a  new  method  of  pyrometry  based 
on  the  viscous  behavior  of  gases.  Using  the  results  of  the  earlier 
chapters,  I  endeavor  to  investigate  the  law  of  variation  of  gaseous 
viscosity  and  temperature.  Having  found  that  the  said  variation 
takes  place  nearly  as  the  two-thirds  power  of  absolute  temperature,  I 
proceed  to  indicate  divers  methods  of  utilizing  this  principle  for  prac- 
tical high  temperature  measurement.  The  results  show,  I  think,  that 
when  the  law  of  thermal  variation  of  gaseous  viscosity  is  rigorously 
known,  Poiseuille-Meyer's  equation  applied  to  transpiration  data  will 
enable  us  to  measure  temperature  absolutely,  over  a  wider  thermal 
range,  and  with  a  degree  of  precision  and  convenience  unapproached  by 
any  known  method. 

With  regard  to  the  contents  of  the  present  volume  it  is  but  just  to 
remark  that  the  work  in  all  its  essential  parts  was  done  either  by  Dr. 
Hallock  and  myself,  or  by  myself  alone  without  other  assistance.  The 
original  practical  construction  of  nearly  all  new  apparatus,  the  design- 
ing and  drawing  of  instruments,  the  extremely  laborious  computations 
which  a  task  like  the  present  involves,  are  our  own  work.  If,  there- 
fore, in  the  writing  of  the  present  memoir  I  have  apparently  placed 
superfluous  stress  on  mechanical  details,  I  offer  in  explanation  the  fact 
that  the  result  of  personal  experiences  is  my  subject.  It  is  much  to  be 
regretted  that  the  valuable  researches  of  Messrs.  Deville  and  Troost  were 
not  given  to  the  world  in  more  explicit  form,  for  I  have  spent  much 
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time  and  pains  in  re-investigating  and  retesting  methods  and  processes 
which,  if  more  elaborate  publications  by  tbese  brilliant  experimentalists 
were  accessible,  would  not  have  been  necessary. 

In  conclusion  I  wish  to  make  some  reference  to  the  makers  from  whom 
such  special  apparatus  and  supplies  as  are  described  in  this  volume 
were  obtained.  Mr.  William  Gruuow,1  whose  accomplishments  as  a 
mechanician  are  too  well  known  to  need  characterizing  here,  made  the 
fine  parts  of  the  apparatus  for  us ;  the  cathetometer,  the  manometer 
stand,  the  micrometer  and  appurtenances,  the  revolving  muffle,  and 
other  apparatus  being  from  him.  Those  parts  of  the  apparatus  which 
are  of  fire-clay — the  furnaces,  crucibles,  tubes,  etc.— were  obtained  from 
Messrs.  Hall  &  Sons.2  I  desire  especially  to  commend  the  technical 
skill  of  these  gentlemen,  as  well  as  the  pains  and  patience  which  they 
spent  in  making  difficult  parts  of  the  work.  Capillary  tubes  of  plati- 
num and  silver  I  succeeded  in  inducing  the  Malvern  Platinum  Works3 
to  draw  for  me.  As  I  do  not  know  whether  platinum  capillary  tubes 
have  previously  been  made,  I  wish  to  call  attention  to  the  fact  that  in- 
asmuch as  they  can  be  heated  to  any  temperature  they  are  useful  for 
many  other  purposes  besides  those  given  in  this  volume.  Apparatus  of 
porcelain,  viz.,  air-thermometer  bulbs  and  stems,  fire  crucibles,  tubes, 
etc.,  were  furnished  in  superior  quality  from  MM.  Morlent  Freres,4  an- 
cienne  M.  Gosse.  This  firm  constructed  the  standard  apparatus  for 
Deville  and  Troost,  and  their  artistic  skill  is  unsurpassed.  The  porce- 
lain of  Bayeux  used  in  their  apparatus,  besides  being  of  the  most  re- 
fractory kind,  has  this  additional  advantage  that  its  heat-expansion 
constants  are  known.  Bulbs  were  also  successfully  made  for  me  by  the 
Eoyal  Prussian  Porcelain  Works,5  at  Berlin.  .These  works  are  the 
makers  of  Professor  Rieth's  and  Professor  Angler's  bulbs.  The  Saxon 
Porcelain  Works,6  at  Meissen,  courteously  placed  duplicates  of  such 
bulbs  as  they  had  already  made  (Professor  Brauu's  bulbs)  at  my  dis- 
posal. The  glass  apparatus,  boiling  tubes  in  various  open  forms,  were 
originally  made  for  me  by  Messrs.  Whitall,  Tatum  &  Co.,7  who  have 
excellent  facilities  for  annealing  glass.  Closed  forms  of  boiling  tube,  as 
well  as  the  reentrant  air-thermometer  bulb  of  glass,  were  constructed 
by  Emil  Greiner,8  with  his  usual  accuracy  and  skill. 

Carl  Barus. 

Physical  Laboratory,  U.  S.  Geological  Survey, 
Washington,  January,  1888. 

1  William  Grunow,  observatory,  West  Point,  N.  Y. 

2  Hall  &  Sons,  No.  69  Tonawanda  street,  Buffalo,  N.  Y. 

3  Malvern  Platinum  Works,  Jas.  Queen  &  Co.,  agents,  Chestnut  street,  Philadelphia. 

4  Morlent  Freres,  No.  8  Rue  Martel,  Paris,  Fiance. 

5  Koniglich  Preussische  Porzellan  Manufactur,  Berlin  ;  M.  Andersen,  director. 
6Koniglich  Sachsische  Porzellan  Manufactur,  Meissen;  F.  K.  Buttner,  director. 

7  Whitall,  Tatum  &  Co.,  Philadelphia,  Pa. 

8  Emil  Greiner,  No.  63  Maiden  Lane,  New  York. 
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SUPPLEMENTAL. 

Let  me  here  add,  before  passing  cm,  that  since  this  manuscript  left 
my  bands  some  additional  work  has  been  done  in  high-temperature 
thermometry.  A  form  of  standard  air  thermometer  has  been  devised 
and  is  being  made.  A  torsion  galvanometer  suitable  for  the  measure- 
ment of  thermo-electric  powers,  such  as  are  here  encountered,  has  also 
been  constructed.  To  test  the  efficiency  of  this  instrument  I  made  a 
series  of  measurements  on  the  variation  of  boiling  points  with  pressure, 
using  the  re-entrant  porcelain  crucible  and  the  closed  boiling  tube 
figured  below  (Chap.  II,  Figs.  14a  and  11a).  The  results  for  mercury, 
sulphur,  cadmium,  zinc,  and  bismuth,  covering  an  interval  of  some 
1,500°  C,  are  important,  inasmuch  as  they  indicate  the  probable  truth 
of  the  principle  of  Groshans.     (Pogg.  Ann.,  vol.  78,  1849,  p.  112.) 

I  will  advert  to  the  independent  method  of  standardizing  a  non-in- 
glazed  re-entrant  porcelain  air  thermometer  bulb,  by  thermal  com- 
parison with  a  re-entrant  glass  thermometer  bulb  of  known  constants. 
Such  comparison  is  to  be  made  above  300°  to  obviate  all  moisture  and 
condensation  errors,  and  either  directly  in  the  elliptic  revolving  muffle, 
or  indirectly  through  the  intervention  of  the  same  thermo-couple.  The 
difficult*  estimation  of  the  volume  of  the  non-in-glazed  bulb  is  thus 
superfluous. 

Again,  to  insure  union,  the  gradual  sagging  of  a  weighted  porcelain 
stem,  the  lower  end  of  which  has  been  heated  to  the  viscous  condition 
before  the  oxyhydrogen  blow-pipe,  into  the  heated  neck  of  a  re-entrant 
in-glazed  bulb  on  the  revolving  table,  has  suggested  itself.  Similarly, 
atmospheric  pressure  may  be  brought  to  bear  externally  on  viscous 
parts  of  bulb  or  stem.     (Of.,  p.  175.) 

Regarding  literature,  I  may  briefly  refer  to  a  recent  critical  work  by 
G.  H.  Bolz  (Die  Pyrometer,  etc.,  70  pp.,  Berlin,  J.  Springer,  1888),  and 
M.  H.  Le  Ghatelier  has  recently  extended  his  valuable  pyrometric  re- 
searches in  various  directions. 

C.  B. 

Boston,  /Sept.  1,  1889. 

Note.— The  thermo-dynamic  i  masons  referred  to  on  page  18  are  briefly  these :  In  the  notation  of 
Clausius  (Warnie-theone,  "Jd  ed.,  I,  Braunschweig,  1876,  p.  172),  the  first  and  second  laws  together 
Kail  to  the  equivalent  of  James  Thomson's  equation:  dT/dp=T(<r— t)/Et' ;  and  the  second  law  gives 
the  equation  dr'fdT=c'—L'-\-r'/T.  Starting  with  these  equations  of  fusion,  I  purposed  to  formulate 
the  relation  between  melting  poiDt  and  pressure, /(p,  T)  —  0,  from  direct  experimental  measurements, 
using  the  relation  only  within  the  pressure  limits  of  the  experiment.  From  this  point  it  is  difficult  to 
proceed,  for  it  is  next  necessary  either  to  measure  <r  —  t  as  a  function  of  pressure  and  temperature,  or 
to  measure  the  corresponding  relation  of  r> .  In  addition  to  the  above  equations  the  more  general  re 
lations 

T  dpv  dp  T  (dpv\*/dTV 

C~Cp~  E  dT  dT  and  cv=cp+E  Xdf>  I    ~dp 
are  available. 
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INTRODUCTION. 
GENERAL   ACCOUNT   OF   METHODS    OF   PYROMETRY. 

Earlier  digests.—  Some  account  of  the  literature  of  high  temperatures, 
and  particularly  of  the  masterly  labors  of  Messrs.  Deville  ami  Troost, 
being  essential  here,  it  was  deemed  expedient  to  give  a  brief  but  fairly 
full  digest  of  all  the  methods  devised  and  applied  for  high  temperature 
measurement.  To  do  this  I  made  the  customary  use  of  the  Fortschritte 
der  Physik  and  of  the  Beiblatter  of  the  Annaleu  der  Physik,  though 
in  nearly  all  cases  I  have  gone  back  to  the  original  authors.  Much  as- 
sistance was  received  from  earlier  summaries,  those  of  Pelouze,1  Bec- 
querel,2  Weinhold,3  Fischer,4  Sir  William  Thomson,5  Nichjols,6  Browne,7 
Lauth,8  and  Shaw,9  all  more  or  less  complete  and  written  with  widely 
different  ends  in  view.  I  must  also  refer  to  the  reports  (1881  and  1884) 
of  the  committee  appointed  by  the  British  Association  for  the  Advance- 
ment of  Science  to  investigate  the  state  of  our  knowledge  of  spectrum 
analysis. 

I  shall  try  to  submit  a  tolerably  full  summary  of  what  has  been  done, 
in  most  cases,  however,  giving  no  more  than  mere  mention  of  the  work 
of  the  individual  observers.  Nor  shall  I  make  many  critical  statements, 
for  the  cardinal  difficulties  surrounding  divers  processes  described  for 

1  Pelonze  :  Traits  complete  des  Pyrometres ;  Paris,  1829. 

2Becquerel:  Recberches  snr  la  determination  des  hautes  temperatures,  etc. ;  Ann. 
eh.  et  phys.,  vol.  68,  1863,  p.  49. 

3  Weinhold  :  Pyrometrische  Untersuchungeh ;  Pogg.  Ann.,  vol.  149,  1873,  p.  186. 

4  Fischer:  Ueber  Thermometer  und  Pyrometer;  Dingler's  Jour.,  vol.  225,  1877,  pp. 
272,  463. 

5  Thomson  :  Heat,  §  10;  Encyclopaedia  Brit.,  9th  ed.,  vol.  11,  1880,  p.  :^X. 
c Nichols:  Am.  Jour.  Sci.,  3d  series,  vol.  22,  1881,  p   363. 

7 Browne:  Pyrometers;  Nature,  vol.  30,  1884,  p.  366. 

8 Lauth:  Mesures  pyrometriques  a  hautes  temperatures;  Bull.  Soc.  Ch.,  Paris,  new 
series,  vol.  46,  1886,  p.  786. 
9  Shaw:  Pyrometer;  Encycl.  Brit.,  9th  ed.,  vol.  20,  1886,  p.  129. 
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temperature  measurement  so  readily  suggest  themselves  to  the  student 
of  modern  physics  that  special  attention  to  them  is. superfluous,  whereas 
criticism  of  more  searching  value  calls  for  special  experiments.  Such 
experiments,  except  in  a  few  cases,  I  have  not  had  occasion  to  repeat. 

Character  of  the  measurements. — It  is  impossible  to  read  the  earlier 
memoirs  on  high  temperature  research  without  a  feeling  of  uneasiness 
and  disappointment.  There  is  no  lack  of  ingenious  contrivances  or 
of  well-devised  methods,  but  the  results  obtained  are  usually  sadly  at 
fault.  In  many  cases  no  data  for  the  absolute  identification  of  the 
measurements  made  are  discernible.  In  other  cases  not  only  do  ob- 
servers, using  different  methods,  fail  to  reach  accordant  results,  but  it 
is  not  unusual  to  find  even  skilled  observers  using  the  same  method 
with  errors  in  results  as  high  as  10  per  cent,  for  the  same  fixed  high  tem- 
perature datum,  the  boiling  point  of  zinc.  To  secure  certain  facilities 
of  manipulation  Deville  and  Troost,  at  the  outset  of  their  researches, 
used  iodine  vapor  as  a  gas  for  thermal  measurement.  This  step  must 
be  regarded  as  a  misfortune  to  science,  and  one  which  retarded  the 
progress  of  high-temperature  research  many  years.  After  the  tendency 
of  the  iodine  molecule  to  dissociate  had  been  suspected,  and  the  relative 
imperviousness  of  porcelain  as  compared  with  platinum  air-thermometer 
bulbs  had  been  clearly  pointed  out,  the  values  of  the  boiling  point  of 
zinc  begin  to  increase  from  the  exceptionally  low  values  of  Becquerel 
(884°),  and  to  decrease  from  the  exceptionally  high  values  of  Deville 
and  Troost  (1,040°  C.)  over  a  total  range  of  temperature  of  about  150°, 
until  the  final  results  of  these  observers  (932°  and  942°,  respectively) 
agree  to  about  10°.  Curiously  enough,  however,  Weinhold,  an  observer 
of  great  assiduity  and  some  experience,  having  made  himself  master 
of  high-temperature  measurement  by  the  air  thermometer  methods,  en- 
deavors to  redetermine  the  value  of  the  boiling  point  of  zinc,  and  finds 
a  value  (1,035°)  as  high  as  the  highest  datum  of  Deville  and  Troost. 
Fortunately  the  subject  has  been  rescued  from  this  condition  of  vague- 
ness by  the  recent  vigorous  work  of  Violle,  the  results  of  which  agree 
well  with  the  mean  data  of  Becquerel  and  of  Deville  and  Troost. 

My  chief  object  in  giving  this  outline  is  to  place  before  the  reader  the 
nature  of  the  difficulties  with  which  the  problem  of  high  temperature 
measurement  is  surrounded,  and  to  indicate  the  diversity  of  the  results 
reached  even  by  the  best  of  trained  observers.  Methods  which  in  the 
hands  of  different  investigators  lead  to  data  so  widely  different  as  the 
values  just  cited  are  not  apt  to  inspire  confidence.  It  is  perhaps  more 
for  this  reason  than  because  of  real  difficulties  of  manipulation  that  the 
gas  thermometer  has  been  so  little  used  as  a  standard  of  reference  in 
high-temperature  measurement.  For  the  experimental  operations  are 
not  necessarily  more  complex  than  those  called  for  in  some  of  the  empiric 
methods  of  standardization— methods  which  have  further  burdened 
the  unfortunate  subject  of  high- temperature  research  with  their  own 
allotment  of  vagueness  of  principle  and  inaccuracy. 
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Classification  of  pyrometers, — Thermometers  which  depend  essentially 
on  the  properties  of  the  substance  used  for  thermal  measurement  are 
called  by  Thomson  l  intrinsic  thermoscopes.  They  may  be  either  con- 
tinuous or  not.  It  is  with  such  intrinsic  thermoscopes  that  practical 
pyrometry  must  be  conducted,  although  the  data  of  the  gas  thermometer, 
as  appears  from  the  recent  pyro  chemical  researches  of  Langer  and 
Meyer,2  may  safely  be  regarded  as  non-intrinsic  and  absolute,  particu- 
larly in  the  region  of  high  temperatures.  Almost  every  thermal  phe- 
nomenon has  been  utilized  for  temperature  measurement,  and  the  de- 
vices employed  may  be  conveniently  classified  by  aid  of  these  phe- 
nomena as  follows : 


I.  Dilatation  of  solids. 

1.  A  single  solid. 

2.  Two    solids    acting  differen- 

tially. 
II.  Dilatation  of  liquids. 

III.  Dilatation  of  gases. 

1.  Expansion  measured  in  vol- 

ume, manometrically. 

2.  Expansion  measured  in  press- 

ures, manometrically. 

3.  Expansion  measured  in  vol- 

ume, by  displacement. 

IV.  Vapor  tension. 
V.  Dissociation. 

VI.  Fusion. 


VII.  Ebullition. 
VIII.  Specific  heat. 
IX.  Heat  conduction. 
X.  Heat  radiation. 
XL  Viscosity. 

1.  Of  solids. 

2.  Of  liquids. 

3.  Of  gases. 

XII.  Spectropbotometry  and  color.    Ro- 
tary polarization. 

XIII.  Acoustics  (wave  length). 

XIV.  Thermo-electrics. 
XV.  Electrical  resistance. 

XVI.  Magnetic  moment. 
XVII.  Miscellaneous. 


Dilatation  of  solids. — Curiously  enough  the  dilatation  thermometers 
were  not  the  first  to  suggest  themselves.  Newton,  in  his  scala  graduum 
caloris,  proposes  a  method  of  temperature  measurement  based  on  his 
law  of  cooling,  almost  as  early  as  1700.  However  Musschenbroek  (1731), 
Ellicot  (173G),  Bouger  (1745),  and  others  availed  themselves  of  single- 
bar  expansion  devices,  and  Mortimer  made  a  thermometer  on  this  prin- 
ciple m  1746. 

The  most  celebrated  apparatus  of  this  kind  (1782)  is  Wedgwood's3 
pyrometer,  in  which  the  attempt  is  made  to  express  temperature  in  a 
scale  based  on  the  shrinkage  experienced  by  a  little  compressed  cylinder 
of  clay  after  exposure  to  the  said  temperature.  This  apparatus  came 
into  much  more  general  use  than  its  inventor  intended.  Its  indications 
were  vigorously  discussed  by  the  physicists  of  the  time,  especially  by 
Guyton-Morveau,4  who  in  attempting  to  convert  Wedgwood's  arbitrary 
thermal  scale  into  degrees  centigrade  showed  the  apparatus  to  be  un- 

1  Encyclopedia  Brit.,  9th  ed.,  vol.  11,  1880,  p.  580. 

2  Langer  and  Meyer,  Pyrochemische  Uutersuchungen,  Braunschweig,  Vieweg  u. 
Sohn,  1885;  Berl.  Ber.,  vol.  18,  1885,  p.  1501. 

3  Wedgwood:  Phil.  Trans.,  Roy.  Soc,  vol.  72,  1784,  p.  305;  vol.  74,  1782,  p.  358; 
Dingler's  Jour.,  vol.  15,  1824,  p.  230. 

4  Guyton-Morveau :  Annales  de  chimie,  Paris,  1st  series,  vol.  46,  1803,  p.  276;  ibid., 
vol.  73,  1810,  p.  254;  ibid.,  vol.  74,  1810,  pp.  18,  129;  ibid.,  vol.  90,  1814,  pp.  113,  225. 
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reliable  because  of  the  tendency  of  clay  to  shrink  irregularly  and  to 
warp,  and  because  of  its  dependence  on  the  kind  of  clay  used  and  on 
the  time  of  exposure.  After  this  the  use  of  single-solid  pyrometers 
seems  to  have  been  abandoned  until  quite  recently,  when  Mr.  Nichols,1 
in  comparing  the  resistance-temperature  formulas  of  Beuoit,  Siemens,  and 
Matthiesseu  with  his  own,  found  the  linear  dilatation  of  platinum  very 
serviceable  for  the  co-ordination  of  his  data.  He  gives  preference  to 
the  expansion  thermometer  over  the  resistance  thermometer  whenever 
the  special  constants  of  both  instruments  are  unknown. 

The  absence  of  further  devices  for  single-solid  pyrometry  is  not  re- 
markable when  the  vast  numbers  of  pyrometers  in  which  solids  are  com- 
bined differentially  are  taken  into  view.  Some  of  the  earliest  attempts 
of  this  kind  are  due  to  Borda,2  although  Guyton-Morveau  (loc.  cit.)  was 
probably  the  first  observer  who  had  pyrometric  ends  in  view,  the  solids 
adopted  being  platinum  and  porcelain.  This  physicist  was  at  some 
pains  in  systematizing  the  dilatation  of  solids.  More  elaborate  attempts 
to  utilize  the  occurrence  of  different  expansibility  in  solids  for  pyro- 
metric purposes  are  due  to  Daniell.3  DanielPs  substances  are  platinum 
and  black  lead,  with  a  suitable  interposition  of  clay,  and  his  work  on 
the  dilatation  of  solids  is  elaborate,  but  unfortunately  without  much 
permanent  value.  • 

Following  Daniell  come  a  host  of  inventors  whose  apparatus,  though 
often  exceedingly  ingenious,  have  only  technical  importance.  These 
may  therefore  be  passed  over  with  a  single  brief  mention  here.  Peter- 
sen4 has  a  platinum  wire  in  an  iron  tube ;  Gibbon5  exposes  rods  of  iron 
or  steel,  and  copper  provided  with  a  contact  lever;  Oechsle6  utilizes  an 
iron-brass  spiral  working  on  the  principle  of  Br^guet's  metallic  ther- 
mometer, while  Clement7  replaces  the  metals  of  such  a  spiral  by  plati- 
num and  silver.  Priusep,8  however,  held  that  even  this  apparatus  is 
not  reliable  on  account  of  the  tendency  of  the  metals  to  alloy — a  con- 
clusion which  has  WeinholdV  assent.  Gauntlet,10  Desbordes,11  Oechsle,12 

'E.  L.  Nichols:  Am.  Jour.  Sci.,  3d  series,  vol.  22,  1881,  p.  363. 

2 Borda:  Boit  Traite,  I,  1816,  p.  159.  The  use  of  iron  and  brass  seeins  first  to  have 
been  made  by  Felter  in  Braunschweig. 

3  Daniell :  Experiments  with  a  new  register  pyrometer  for  measuring  the  expansion 
of  solids;  Jour.  Royal  Soc,  London,  vol.  11,  p.  309;  Philos.  Mag.,  London,  2d  series, 
vol.  10,  1831,  pp.  191,  268,  297,  350;  ibid.,  3d  series,  vol.  1,  1832,  pp.  197,261;  Din- 
gler's Jour.,  vol.  19,  p.  416;  vol.43,  p.  189;  vol.  46,  pp.  174,241. 

4  Petersen  :  Gehler.  Phys.  Worterb.,  2d  series,  vol.  7,  p.  994. 
5 Gibbon:  Dingler's  Jour.,  vol.  68,  183-<,  p.  436. 

6 Oechsle:  Ibid.,  vol.  60,  1836,  p.  191. 

7  Clement:  Ibid.,  vol.  80,  1843,  p.  241. 

s  Prinsep:  Ibid.,  vol.  28,  1828,  p.  421. 

'■'  Weinhold:  Dingler's  Jour.,  vol.  208,  1873,  p.  125. 
10 Gauntlet:  Ibid.,  vol.  157,  1860,  p.  279. 
11  Desbordes:  Ibid.,  vol.  157,  1860,  p.  279. 
12 Oechsle:  Ibid., vol.  160,  1:861,  p.  112;  ibid.,  vol.196,  1870,  p.  218. 
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Bock,]  Lion  and  Guichard2  use  iron  and  copper  or  iron  and  brass,  either 
in  the  form  of  parallel  rods  or  tubes  bundled  together  or  of  a  rod  within 
a  tube  5  in  each  case  provided  with  a  suitable  index  and  dial  arrange- 
ment. A  like  apparatus  of  metal  and  fire-clay  (chamotte)  is  due  to 
Bussius.3  Finally,  the  use  of  graphite  for  pyrometry,  an  idea  which 
long  ago  occurred  to  Daniell,  was  resuscitated  by  v.  Steiule  and  Har- 
ting.4  In  their  apparatus  an  iron  tube  surrounds  a  rod  of  graphite,  and 
an  ingenious  mechanism  permits  only  those  parts  which  are  actually 
exposed  to  the  high  temperature  to  act  differentially  on  the  dial.  Ad- 
justment is  made  by  means  of  mercury.  Winkler,  who  first  tested  these 
apparatus,  declared  them  serviceable,  but  his  testimony  is  not  corrobo- 
rated by  Beckert.  He  finds  that  the  indications  of  graphite  pyrometers 
are  neither  strictly  comparable  nor  very  decisive,  and  that  they  are 
quite  unreliable  above  600°.  This  criticism  applies  to  the  pyrometers 
of  the  present  class  generally. 

Dilatation  of  liquids. — Pyrometers  based  on  liquid  expansion  are  few 
in  number  and  quite  unavailable.  An  old  apparatus  is  described  anony 
mously  in  Dingler's  Journal5  in  which  the  expansion  of  a  fused  alloy  in 
a  porcelain  bulb  is  registered  by  aid  of  a  platinum  rod  moving  along  a 
scale.  The  division  is  in  Wedgwood  degrees.  A  similar  apparatus 
was  proposed  by  Achard.6  Here  the  expansion  of  the  alloy  is  to  be 
read  off  directly  in  the  translucent  stem  of  the  porcelain  bulb.  The 
construction,  therefore,  is  that  of  the  ordinary  mercury  thermometer.  I 
doubt  whether  either  of  these  instruments  has  ever  been  used.  Person7 
applied  a  new  principle.  He  found  that  mercury  under  4  atmospheres 
pressure  boils  above  450°,  under  30  atmospheres  pressure  above  500°; 
that  the  dilatation  in  these  cases  is  quite  notable.  Here  I  may  refer  to 
experiments  of  Bystrom,8  to  whom  a  hydro- pyrometer  is  due,  and  to 
Waterston,9  by  whom  the  expansion  of  wrater  at  high  temperatures 
(300°)  under  pressure  has  been  specially  investigated.  Waterston 
formulates  his  data  and  is  led  to  the  striding  result  that  water  at  300° 
expands  at  a  greater  rate  than "  permanent  gases.  Water  at  high 
temperatures  and  pressures  attacks  glass,  rendering  it  opaque  and 
thus  putting  an  end  to  the  experiment. 

Dilatation  of  gases  (manometric  methods). — According  to  Shaw10  a 
rudimentary  air  thermometer  was  built  by  Amonton  in  Paris  about  as 

1  Bock:  Ibid,,  vol.  195,  1870,  p.  312. 

2  Lion  et  Guichard  :  Ibid.,  vol.  220, 1876,  p.  37. 

3  Bussius :  Ibid.,  vol.  164, 1862,  p.  107.     Berg-  und  Hiittenm.  Zeitung,  No.  10, 1862. 

4  v.  Steinle  and  Harting  :  Clemens  Winkler's  report  in  Zeitschr.  fur  Analyt.  Chem., 
vol.  19,  1880,  p.  63;  Beckert's  report  in  ibid.,  vol.  21,  1882,  p.  248. 

6 Dingler's  Jour.,  vol.  32,  1829,  p.  355. 

eSee  Becquerel:  Ann.  ch.,  3d  series,  vol.78,  1863,  p.  52. 

7  Person  :  Comptes  Rendus,  vol.  19,  1844.  p.  757. 

8  Bystrom  :  Berl.  Ber.,  1862,  p.  344. 

*  Waterston  :  Philos.  Mag.,  Lond.,  4th  series,  vol.  26,  1863,  p.  116. 
I0Enc.  Brit.,  vol.  20,  1886,  p.  129. 
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early  as  1700.  .  Guyton-Morveau,1  in  whose  thermal  researches  the  dila- 
tation of  solids  and  the  specific  heat  of  platinum  were  discussed  with 
reference  to  their  availability  in  thermal  measurements,  also  proposed 
gases  for  that  purpose.  Prinsep,2  however,  appears  to  have  been  the 
first  to  construct  an  air  thermometer  and  to  apply  it  as  an  instrument 
of  research.  Prinsep's  bulb  was  of  gold.  This  was  in  pneumatic  con- 
nection with  a  reservoir  of  olive-oil  provided  with  a  sensitive  manome- 
ter. As  the  air  in  the  bulb  expanded  it  displaced  the  oil  which  exuded 
through  a  cock  at  the  bottom  of  the  reservoir.  Pressure  being  main- 
tained constant  the  amount  of  olive-oil  discharged  is  equal  in  bulk  to 
the  amount  of  air  which  enters  the  receiver  at  the  given  temperature. 
Hence  by  weighing  the  oil  the  temperature  of  the  bulb  may  be  calcu- 
lated. Prinsep's  apparatus  is  unique,  and  his  absolute  thermal  data 
are  very  much  nearer  the  truth  than  those  of  his  predecessors.  Indeed 
they  compare  well  with  the  known  data  of  the  present  day.  Prinsep's 
chief  data  refer  to  the  melting  points  of  alloys  of  gold,  silver,  and  pla- 
tinum which  bear  his  name.     To  these  I  shall  recur. 

Leaving  Davy,3  who  constructed  an  air  thermometer  in  which  the  air 
expansion  was  weighed  in  mercury,  and  Mill4  and  Petersen,5  to  whom 
also  forms  of  air  thermometers  are  due,  the  next  observer  seems  to  be 
Pouillet.6  Pouillet's  researches  are  of  prime  importance.  Having  con- 
structed a  bulb  of  platinum,  which  enabled  him  to  reach  the  highest  tem- 
peratures, he  then  took  the  first  definite  steps  in  radiation-pyronietry 
by  investigating  the  temperature  at  which  solids  glow,  in  calorimetric 
pyrometry  by  determining  the  specific  heat  of  platinum  between 
0°  and  1,200°,  and  in  thermo-electric  pyrometry  by  carefully  calibrat- 
ing a  thermo-couple  of  iron  and  platinum.  As  these  apparatus  will  be 
referred  to  again,  I  need  only  remark  here  that  to  Pouillet  the  form  of 
constant  pressure  manometer  is  due  very  nearly  as  it  is  to  be  used  in 
pyrometric  work  to-day.  This  apparatus  was  perfected  by  Eegnault,7 
ami  afterwards  accurately  figured  by  Pouillet8  himself.  Some  time 
after  this  Silbermanu  and  Jacquelin9  described  a  platinum  air-thermom- 
eter, of  variable  capacity,  operating  like  a  constant  volume  thermome- 
ter, but  it  does  uot  seem  to  have  led  to  practical  results.  Erman  and 
Herster,10  in  their  endeavor  to  measure  the  amount  of  permanent  ex- 

^oc.  cit. 

2 Prinsep  :  Philos.  Trans.  Roy.  Soc.  Lond.,  1827.     Ann.  ch.  et  phys.,  2d  series,  vol. 
41,  1829,  p.  247. 
3 Davy:  Dingler's  Jonr.,  vol.  46,  1832,  p.  249. 
4 Mill :  Gehler's  Physikal.  Worterbuch,  2d  series,  vol.  7,  p.  997. 
6Petersen:  Ibid.,  pp.  993,  1004. 

6  Pouillet :  Recherches  sur  les  hautes  temperatures  et  sur  plusieurs  pmSnomenes  qui 
en  dependent;  Comptes  Rendus,  vol.  3,  1836,  pp.  782-790. 

7  Regnault :  Relation  des  Exp6riences,  Paris,  vol.  1,  1847,  p.  163. 

8  Pouillet:  Physique,  vol.  1,  9th  ed.  1853,  p.  233. 

9Silbermann  et  Jacquelin:  Bull.  Soc.  d'Encouragement,  1853,  p.  110;  cf  Becquerel, 
loc.  cit. 
10 Erman  and  Herster  :  Pogg.  Ann.,  vol.  97,  1856,  p.  489. 

(682) 


bakus.]  METHODS    OF    PYROMETRY.  29 

pansion  of  cast-iron  at  high  temperatures,  availed  themselves  of  bulbs 
of  copper  and  of  platinum  for  their  thermal  measurements.  These  were 
used  much  after  the  manner  of  vapor-density  bulbs.  The  long  capillary 
necks  could  be  closed  at  the  desired  temperature  by  a  faucet,  and  the 
temperature  was  then  calculated  from  the  amount  of  water  which  en- 
tered the  cold  bulb.  These  experiments  form  a  natural  transition 
to  the  earlier  researches  of  Deville  and  Troost,1  in  which  a  splendid 
improvement  in  thermal  measurements  was  made  possible  by  the  in- 
troduction of  porcelain  bulbs  to  replace  those  of  metal  and  of  glass. 
Deville  and  Troost  here  use  Dumas's  well-known  method  to  evaluate 
both  temperature  and  vapor  density.  In  their  search  for  a  heavier 
thermal  gas  than  air  they  select  iodine  vapor  preferably  to  mercury, 
inasmuch  as  the  metal  is  apt  to  condense  on  the  colder  parts  of  the 
bulb  and  in  falling  down  upon  the  hot  parts  to  cause  fracture.  Using 
this  iodine  thermometer,  they  find  that  cadmium  and  zinc  boil  at  860° 
and  1,040°,  respectively.  They  also  measure  the  coefficient  of  expan- 
sion of  porcelain  by  noting  the  length  of  the  necks  of  their  bulbs  at 
different  (high)  temperatures  (0°,  860°,  1.000°).  Having  found  these 
data  they  proceed  to  the  measurement  of  vapor  densities,  with  results 
which  are  not  of  interest  here. 

The  high  values  for  the  boiling  point  of  zinc  thus  obtained  conflicted 
very  seriously  with  certain  measurements  subsequently  made  by  Bec- 
querel.2  This  observer  used  a  platinum-palladium  thermo-couple,  the 
indications  of  which  had  to  be  carefully  referred  to  Pouillet's  plati- 
num air  thermometer.  In  this  way  Becquerel  found  the  boiling  point 
of  zinc  at  932°,  more  than  100°  below  that  of  Deville  and  Troost,  as 
well  as  reaching  a  similarly  low  boiling  point  for  cadmium,  746°.  In 
the  same  paper  the  method  of  determining  a  series  of  melting  points  of 
metals  is  described  and  the  data  are  fully  given,  and  several  final  sec- 
tions are  devoted  to  radiation  pyrometry.  As  regards  accuracy  of 
measurement  and  varied  character  of  results,  this  paper  is  one  of  the 
most  important  in  the  history  of  pyrometry.  It  is  to  be  noticed  that 
Becquerel  was  aware  of  the  probable  permeability  of  platinum  to  gases 
at  high  temperatures.     Further  mention  will  be  made  of  this  later. 

These  discordant  results  necessarily  provoked  considerable  discussion 
between  Becquerel3  and  Deville  and  Troost,4  which  temporarily  resulted 
in  favor  of  the  former. 

Deville  and  Troost  naturally  reject  Becquerel's  low  values,  and  be- 

1  Deville  et  Troost :  ISur  la  deusit6  de  vapeur  d'uu  certain  nombre  de  matieres  rnin- 
erales;  C.  R.,  vol.  45,  1857,  p.  821  (C.  F.  Berl.  Ber.,  1857.  p.  73)  ;  C.  R.,  vol.  49,  1859,  p. 
239;  Ann.  ch.  et  phys.,  3d  series,  vol.  58,  1860,  p.  257. 

2  Becquerel:  Recherches  sur  la  determination  des  hautes  temperatures.  Ann.  ch. 
et  phys.,  3d  series,  vol.  58,  1863,  p.  49. 

3 Becquerel:  C.  R.,  vol.  57,  1863,  p.  855;  Inst.,  1863,  p.  369;  C.  R.,  vol.  57,  pp.  902, 
925;  Inst,,  1863,  p   385. 

4Deville  et  Troost:  C.  R.,  vol.  56,  p.  977;  Inst.,  1863,  p.  161;  C.  R.,  vol.  57,  1863, 
pp.  894,  935;  Inst.,  1863,  p.  377;  ibid.,  p.  897. 
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lieve  them  to  be  erroneous  because  of  the  permeability  of  platinum  at 
high  temperatures.  In  doing  this  they  refer  to  researches  of  their  own1 
on  the  porosity  of  metals.  Becquerel's  reply  is  of  an  experimental 
character.  He  continues  his  work  on  air-thermometer  pyrometry,  re- 
placing the  platinum  bulb  with  bulbs  of  porcelain,  and  availing  himself 
both  of  constant  pressure  and  of  constant  volume  methods  of  measure- 
ment. Curiously  enough  the  results  of  these  new  determinations  are 
even  below  the  former  values,  the  boiling  points  of  zinc  and  of  cadmium 
being  at  891°  and  720°,  respectively,  while  for  the  former  as  low  a  value 
as  884°  was  found.  Becquerel  dwells  upon  the  excellence  of  the  Pou- 
illet  method  lor  high  temperatures.  *  Deville  and  Troost  nevertheless 
refuse  to  regard  these  new  results  of  Becquerel's  as  conclusive.  They 
insist  upon  the  impossibility  of  deriving  accurate  data  with  a  porous 
reservoir.  They  point  out  that  the  large  difference  between  BecquerePs 
present  and  former  results  is  in  itself  to  be  looked  upon  with  suspicion. 
They  finally  assert,  inasmuch  as  BecquerePs  pyrometers  were  not  in 
immediate  contact  with  zinc  vapor,  but  were  exposed  in  a  closed  lateral 
tube  which  issued  from  the  zinc  retort,  that  the  datum  measured  is  not 
the  boiling  point  of  zinc  but  a  temperature  below  it.  They  finally  re- 
peat their  own  experiments  with  the  same  values  as  before.  Becquerel 
again  endeavors  to  show  that  the  permeability  of  platinum  did  not  se- 
riously influence  his  results.  He  shows  that  his  own  researches  are 
made  in  a  way  calling  for  much  less  skilled  manipulation  than  those  of 
Deville  and  Troost;  and  he  finally  adds  that  Deville  aud  Troost  have 
made  but  a  single  measurement  with  air,  and  that  the  use  of  iodine 
vapor  as  a  gas  for  thermal  measurement  is  not  immediately  warranted. 
Becquerel  states  the  reasons  for  considering  his  boiling-point  apparatus 
sufficient,  but  agrees  that  a  possible  error  may  be  the  impurity  of  his 
zinc.  With  these  remarks  discussion  ended,  being  left  without  a  final 
issue;  but  it  is  well  to  state,  in  passing,  that  the  results  of  subsequent 
observers,  including  Deville  and  Troost  themselves,  have  proved  be- 
yond a  doubt  that  the  later  inferences  of  BecquerePs  were  very  nearly 
correct.  Victor  Meyer,2  I  believe,  was  the  first  to  suggest  the  possible 
dissociation  of  the  iodine  molecule  at  high  temperatures,  a  behavior 
which  he  had  established  for  chlorine.  Meyer's  views  were  corrobo- 
rated and  variously  interpreted  by  Crafts  and  Meier,3  by  V.  Meyer  him- 
self,4 Crafts,5  Troost,6  Berthelot,7  and  others.8 


1  Deville  and  Troost:  Porosite  du  platine.     R£p.  chim.  appl.,  1863,  p.  326;  sur  la 
permeabilit6  du  fer  a  haute  temperature  ;  C.  R.,  vol.  57,  1863,  p.  965. 

2  V.  and  C.  Meyer:  Berl.  Ber.,  vol.  12,  1871),  p.  1426. 

3Crafts  and  Meier:  C.  R.,  vol.  90,  1880,  p.  606;  Berl.  Ber.,  vol.  13,  1880,  p.  851. 
"V.  Meyer:  Berl.  Ber.,  vol.  13,  1880,  p.  391;   ibid.,  1880,  p.  1010. 

5  Crafts:  Ibid.,  1880,  p.  1316. 

6  Troost:  C.  R.,  vol.  91,  1880,  p.  54. 

7  Berthelot:  ibid.,  p.  77. 

8Cf.  Deeriug;  Chem.  News,  London,  vol.  40,  1879,  p.  87. 
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Iii  1863  Deville  and  Troost1  began  the  publication  of  another  series  of 
investigations  on  high  temperatures  and  boiling  points.  They  describe 
their  new  porcelain  air  thermometer  bulb,  which  is  a  hollow  sphere  of 
porcelain,  glazed  both  within  and  without,  with  a  short  neck,  to  which 
a  capillary  fissureless  porcelain  stem  is  soldered  with  feldspar,  and  the 
oxvhydrogen  blowpipe.  They  propose  to  discard  iodine  and  to  use  air 
in  its  place,  giving  their  apparatus  a  form  nearly  identical  with 
Regnault's2  normal  air  thermometer.  They  insist  on  the  importance  of 
spherical  bulbs,  and  the  air  contained  is  dried  at  red  heat  by  aid  of  a 
vacuum  pump.  Ail  the  zinc  is  carefully  purified,  and  used  in  large 
quantities  (charges  of  17  kg.).  It  is  but  just  to  add  here,  to  the  great 
credit  of  Deville  and  Troost,  that  the  actual  construction  of  the  porce- 
lain air  thermometer  occupied  them  for  nearly  seven  years,  working  in 
concert  with  M.  Gosse,  in  charge  of  the  porcelain  works  at  Bayeux. 
They  were  the  first  to  use  metallic  vapor  baths  for  constant  high  tem- 
peratures, a  method  which  has  been  adopted  by  Becquerel  and  by 
physicists  generally  since  that  time.  In  1864  Deville  and  Troost3  pro- 
ceeded toward  the  accurate  measurement  of  the  heat  expansion  of  the 
Bayeux  porcelain.  Using  a  porcelain  bulb  simultaneously  and  of  the 
same  material  as  the  porcelain  of  the  dilatation  apparatus,  they  have 
the  data  sufficient  to  eliminate  the  error  due  to  heat  expansion  from  the 
thermal  measurements  made.  Their  method  is  necessarily  one  in  which 
the  linear  expansion  of  a  porcelain  rod  exposed  in  a  zone  of  known 
constant  temperature  is  measured  by  the  cathetometer.  Two  platinum 
buttons,  inserted  in  the  ends  of  the  stem,  subserve  the  purpose  of 
fiducial  marks,  and  they  are  viewed  through  long  lateral  porcelain 
sight-tubes  in  the  constant  temperature  apparatus.  In  this  way  they 
show  that  in  some  200  measurements  the  cubical  expansion  of  porcelain, 
between  0°  and  1,500°,  is  0.000016  to  0.000017.  Above  1,500°  it  be- 
comes rapidly  larger.  In  addition  to  this  normal  heat  expansion, 
porcelain  experiences  permanent  dilatation,  as  is  proved  both  by 
measuring  the  linear  dimensions  aud  by  density  tests  applied  to  the 
porcelain  after  heating.  Curiously  enough,  this  density  diminishes 
with  frequent  heating.  The  permanent  expansion,  which  is  a  very 
serious  error  in  the  first  heating  (the  volume  of  a  bulb  increasing  from 
281.3CC  to  285.6CC  in  six  heatings,  for  instance),  fortunately,  soon  be 
comes  negligible.  Deville  and  Troost,  at  the  end  of  their  work,  justly 
congratulate  themselves  on  these  results :  "  Nous  conclurons  que  la  por- 
celaine  de  Bayeux,  matiere  absolument  impermeable  et  encore  rigide 
aux  1,500°  *  *  *  capable  de  se  dilater  jusque  la  d'une  maniere  uni- 
forme,  sans  qu'on  ait  a  tenir  compte  de  sa  dilatation  permanente  si  ce 
n'est  au  but  des  experiences."  They  again  emphasize  the  excellence  of 
soldering  together,  with  feldspar  in  the  oxy hydrogen  flame,  the  accu- 
rately calibrated  bulb  and  stem. 

1  Deville  aud  Troost,  vol.  57,  1863,  p.  897. 

2  Regnault :  loc.  cit.,  PI.  I,  Figs.  7,  et  seq. 

3  Deville  and  Troost:  C.  R.,  vol.  59.  1864,  p.  162, 
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After  these  publications  Deville  and  Troost  made  no  further  impor- 
tant contributions  to  high  temperature  thermometry  for  five  years. 
The  subject  occupied  Kegnault,1  who  proposed  two  methods.  The 
first  of  these  small  flasks  of  iron  or  porcelain  are  partially  charged 
with  mercury,  and  closed  above  with  a  loosely -fitting  valve  or  stopper. 
These  are  exposed  at  the  temperature  to  be  measured,  and  this  is 
calculated  from  the  weight  of  mercury  left  after  cooling.  The  other 
method,  being  a  displacement  method,  will  be  described  below. 
Shortly  after  this  a  series  of  very  painstaking  attempts  in  the  measure- 
ments of  high  temperatures  were  made  by  Schinz.2  Curiously  enough, 
these  papers,  which  contain  a  series  of  experiments  admirably  correct 
in  principle,  are  but  little  known.  Schinz,  after  endeavoring  in  vain  to 
utilize  the  principles  of  heat  conduction  in  practical  pyrometry,  and 
after  testing  Kegnault's  displacement  method  with  unfavorable  results, 
applies  the  thermo-electric  methods  of  Pouillet  and  of  Becquerel. 
Sehiuz's  air-thermometer  bulb  is  a  huge  iron  cylinder,  from  the  center 
of  one  end  of  which  an  iron  capillary  tube  passes  to  the  mauometric  ap- 
paratus, while  an  iron  tube  for  the  insertion  of  the  junction  of  the 
thermo-couple  projects  inward  to  the  center  of  the  figure  through  the 
other  end  of  the  cylinder  bulb.  In  this  respect  Schinz's  thermometer  is 
unique,  being  the  only  form  of  re-entrant  bulb  hitherto  devised.  The 
great  advantage  of  this  form  of  bulb,  which,  quite  independently  of 
Schinz,  has  been  perfected  in  my  experiments,  will  be  emphasized  below 
(Chap.  IV).  Nitrogen  is  the  thermal  gas  in  Schinz's  work,  and  the  cali- 
brations are  carried  as  far  as  1,000°.  Giving  him  full  credit  for  correct- 
ness of  method  and  for  the  assiduity  with  which  he  endeavored  to  carry 
it  out,  Schinz's  apparatus  was  doomed  to  fail  because  of  its  impractical 
clumsiness  of  construction,  to  say  nothing  of  the  permeability  of  iron  at 
high  temperatures.  It  is  not  possible  to  make  much  definite  progress 
in  the  measurement  of  high  temperatures  with  an  apparatus  which  falls 
short  of  the  conditions  of  facility  and  certainty  of  manipulation.  I  shall 
revert  to  these  measurements.  For  the  special  conveniences  of  the  in- 
vestigating chemist, .  Berthelot3  devised  an  apparatus  intended  to  be 
compact  and  very  sensitive,  and  provided  with  an  easily  adjustable  em- 
piric scale.  His  instrument  is  based  on  the  expansion  of  air  and  grad- 
uated by  boiling  points.  Another  instrument  by  Zabel4  is  so  adjusted 
as  to  ring  an  electric  bell  at  any  giveu  temperature.  It  is  perhaps  ex- 
pedient to  advert  in  this  connection  to  the  thermometers  of  Weinhold5 
and  of  Crafts,6  both  of  which  are  constructed  on  Jolly's7  plan,  but  so  ad- 
justed that  the  conditions  of  constant  volume  are  secured  by  the  aid  of 

1  Regnault:  Ann.  ch.  et  phys.,  3d  series,  vol.  63,  1861,  p.  39. 

2  Schinz:  Dingler's  Jour.,  vol.  177,  1865,  p.  85 ;  ibid.,  vol.  179,  1866,  p.  436. 
3 Berthelot:  Ann.  ch.  et  phys.,  4th  series,  vol.  13,  1868,  p.  144. 

4  Zabel :  Dingler's  Jour.,  vol.  195,  1870,  p.  236. 

5  Weinhold:  Pogg.  Ann.,  vol.  149,  1873,  p.  186. 

6  Crafts:  Ann.  de  Chim.  et  de  Phys.,  5th  series,  vol.  14,  1878,  p.  409. 

7  Jolly :  Pogg.  Ann.,  Jubelband,  1874,  p.  82. 
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an  electro-magnetic  engine.  The  mechanism  of  Crafts'  new  thermome- 
ters appears  to  be  particularly  }>erfect  in  this  respect.  An  air  ther- 
mometer in  which  the  pressure  is  directly  measured  manometrically  is 
described  by  Codazza.1  A  rigorous  investigation  of  the  formula  of  the 
air  thermometer,  with  a  view  toward  the  construction  of  an  apparatus 
of  exceptional  delicacy,  has  lately  been  made  by  Grassi.2  Finally,  the 
possible  condensation  of  gases  on  metallic  air  thermometers  of  very 
large  internal  surface  has  been  incidentally  discussed  by  Fuess.3  Op- 
erating with  bulb  in  form  of  a  cylindrical  ring,  Fuess  found  that  for  a 
correct  ice  point  the  boiling  point  of  water  showed  a  value  enormously 
high,  which  gradually  decreased  without  reaching  a  normal  value.  His 
research  is  unfinished,  however,  and  thus  the  full  interpretation  of  these 
anomalous  results  is  yet  to  be  given. 

After  the  earlier  work  of  Deville  and  Troost  and  the  papers  of  Schinz, 
the  most  important  memoir  on  high  temperature  measurement  was 
published  by  Weinhold.4  Having  discussed  the  important  methods  of 
empirical  pyrometry,  with  reference  to  their  availability  for  practical 
work  or  for  research,  Weiuhold  uses  his  air-thermometer  for  a  rede- 
termination of  the  boiling  point  of  zinc.  Unfortunately  his  high  value, 
1,035°  at  71.89cm,  which  is  only  a  little  below  the  erroneously  large 
values  of  Deville  and  Troost,  casts  a  slur  over  much  of  Weinhold's 
elaborate  experimentation,  and  his  criticism  on  the  merits  of  Siemens' 
pyrometer,  of  calorimetric  pyrometers,  and  of  the  dissociation  pyrome 
ters  fail  to  obtain  the  consideration  which  they  probably  deserve. 
Weinhold's  bulb  is  of  Meissen  porcelain  and  his  instrument  of  measure- 
ment is  a  modified  Jolly  thermometer. 

In  this  place  it  is  well  to  call  attention  to  certain  experiments  com- 
menced at  about  this  time  by  Amagat  and  others  to  test  the  correctness 
of  B03  le's  law  at  different  temperatures  and  high  pressures.  The  con- 
stants hitherto  adopted  in  high  temperature  air  thermometry  for  all 
temperatures  and  pressures  indiscriminately  were  those  investigated 
by  Kegnault5  and  by  Magnus.6  By  Amagat,7  Cailletet,8  and  others 
these  researches  were  pushed  to  great  nicety  for  pressures  as  high  as 

Codazza:  Dingler's  Jour.,,  vol.  210,  1873,  p.  255. 

a  Grassi :  Rend,  dell'  Academia  delli  Scienze  fisiche  e  math.,  vol.  24,  pp.  16, 131,  1885. 
Bei blatter,  vol.  10,  188G,  p.  387. 

3 Fuess:  Zeitschr.  fur  Iustruraenteuk.,  vol.  5,  1885,  p.  2'74. 

4  Weinhold:  Osterprogramui  der  hob.  Gewerbesch.  zu  Chemnitz,  1873;  Pogg.  Ann., 
vol.  149,  1873,  p.  186. 

6Regnault:  Relation  des  experiences,  Paris,  1847,  pp.  15,  168. 

6 Magnus:  Pogg.  Ann.,  vol.  55,  1842,  p.  1. 

7 Amagat:  Fortschr.  d.  Phys.,  1869,  p.  155  ;  C.  R.,  vol.  71,  1870,  p.  67  ;  C.  R.,  vol.  73, 
1871,  p.  183;  Archives  sci.,  phys.  et  nat.  Geneve,  2d  series,  vol.40,  1871,  p.  320;  Ann. 
ch.  et  Phys.,  4th  series,  vol.  29,  1873,  p.  246 ;  ibid.,  5th  series,  vol.  22,  1881,  p.  353,  etc.; 
C.  R.,  vol.  94,  1882,  p.  847;  C.  R.,  vol.  95,  1882,  p.  638;  C.  R.,  vol.  99,  1884,  pp.  1017, 
1153;  C.R.,  vol.  103,  1886,  p.  429. 

8Cailletet:  C.  R.,  vol.  70,  1870,  p.  1131. 
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500  atmospheres  and  for  temperatures  below  300°,  and  in  the  hands  of 
Arnagat  they  led  to  the  discovery  of  minima  of  "  pv."  These  researches, 
which  must  be  passed  over  briefly  here,  are  not  as  yet  in  a  state  of  prog- 
ress to  enable  the  results  to  be  at  once  applied.  It  is  therefore  reassur- 
ing to  find  iu  the  labors  of  Langer  and  Meyer1  a  number  of  data  tending 
to  show  that  at  high  temperatures  and  for  moderate  pressures  the  con- 
stancy of  the  co-efficient  of  expansion  of  gases  may  be  warrantably 
assumed. 

To  return  from  this  digression  to  the  subject  in  hand  I  find  an  im- 
portant research  by  Erhard  and  Schertel2  in  which  the  melting  points 
of  Priusep's  alloys  are  again  carefully  determined  by  the  porcelain  air 
thermometer.  The  bulbs  are  of  Meissen  porcelain,  and  the  method  of 
measurement  is  essentially  that  of  Weinhold.  Finally,  in  1880,  De- 
ville  and  Troost 3  publish  a  succinct  account  of  their  results  in  high 
temperature  measurement,  and  thus  conclude  the  interval  of  compara- 
tive silence.4  They  describe  a  new  form  of  air  thermometer,  apparently 
superior  to  the  Begnault  normal  form.  In  this  instrument  the  air  of  the 
bulb  is  transferred  into  the  measuring  apparatus  by  a  SprengeFs  pump. 

The  bulb  itself,  being  placed  in  a  furnace  fed  by  heavy  petroleum  oil, 
can  be  heated  to  any  desired  temperature  by  supplying  a  greater  or 
smaller  ainount-of  fuel,  through  a  graduated  stop-cock.  To  eliminate 
the  stem  error  they  again  use  the  "compensator,"  which  is  a  closed 
porcelain  capillary  tube  identical  with  the  stem  of  the  air  thermometer 
and  exposed  side  by  side  with  it.  This  compensator  is  provided  with 
its  own  manometric  attachment.    Nitrogen  is  used  preferably  to  air. 

The  last  memoir  contains  a  full  digest  of  their  results  on  the  boiling 
point  of  zinc.  The  methods  of  experiment  and  of  measurement  are  also 
tersely  given  in  chronological  sequence.  The  authors  put  great  stress 
on  the  purity  of  their  zinc,  on  the  fact  that  no  iron  was  used  in  the  re- 
torts, on  the  great  mass  of  zinc  distilled  (17  kg.  to  20  kg.),  on  their 
methods  of  protecting  their  bulb  from  direct  radiation  by  multiple 
screens,  and  on  the  great  heat  of  the  circumambient  flame.  The  porce- 
lain bulb,  its  peculiarities,  and  its  construction  are  described  with  some 
detail.  Their  mean  value  for  the  boiling  point  of  zinc,  as  Troost5  sub- . 
sequently  remarks,  is  942°,  and  the  number  of  measurements  made,  27. 
In  some  experiments  made  at  a  later  date  by  Troost6  the  boiling  point  j 
of  selenium  was  found  between  664°  and  683°,  the  determination  being 
feasible  in  a  vessel  of  enameled  iron.     Troost7  therefore  concludes  that 

1  Langer  u.  Meyer  :  Pyrochemische  Untersuchungen,  1885. 

2 Erhard  and  Schertel:  JahrbuchfurdasBerg-und-Hiittenwesen,  ini  Konigr.  Sach 
sen,  1879,  p.  154. 

3Deville  et  Troost:  C.  R.,  vol.  90,  1880,  pp.  727,773. 

4Deville:  C.  R.,  vol.  74,  187a,  p.  145;  is  speculative,  and  refers  to  excessively  hig] 
and  to  vsolar  temperatures. 

r' Troost :  C.  R.,  vol.  94, 1882,  p.  788. 

6 Troost:  Ibid.,  p.  1508. 

7 Troost:  Ibid.,  vol.  95, 1882, p.  30. 
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:  selenium  vapor  ma  i  re- 

fractory glass,  and  recommends  for  that  purpose  tin  pert 

frere  by,  which  is  nearly  rigid  at  this  '■  "ire.     Other  i 

vant  -  of  Troost1  on  the  permeability  of  platinum  to  b 

and  of  silver  to  oxygen  at  high  temperature  have  been  adverted  to. 

Berthelot2  points  out  the  occurrence  of  unstable  platinum  hydrides. 
The  value  of  the  boiling  point  of  zinc,  to  which  the  later  research 
Deville  and  Troost  had  given  a  value  compatible  with  that  o: 
rei.  was  soon  to  be  further  fixed  in  position  by  the  research  oi 
Using  a  triple  jacketed  boiling  point  apparatus  of  enameled  iron,  he 
found  by  Devilie  and  Troost's  methods  that  zinc  boils  at  930°,  thus 
giving  further  warrant   to  the   data   of    Becquerel   and   Deville   and 
Troost.     In  view  of  the  accordance  of  these  data, 
temperature  measurement  may  be  regarded  as  solved  with  some  i 
racy  as  far  as  1,500°.     The  greater  share  of  the  credit  for  this  res; 
undoubtedly  due  to  Deville  and  Troost.  notwithstanding  their  unfortu- 
nate begiuning  and  the  fact  that  they  allowed  the  subject  to  slumber 
in  their  hands  for  so  many  years.     Violle  refers  to  the  problem  of  mere 
high  temperature  measurement  as  being  one  of  great  simplicity,  and 
finds  his  main  difficulty  in  the  construction  of  constant  temperature 
apparatus.     My  experience   is   the  reverse  of  this.     It  is  not  very 
difficult  to  get  the  zinc  point;  but  it  is  difficult  to  obtain  thoroughly 
accordant  values  for  it  when  (liferent  bulbs  are  used.    Violle,  who  used 
but  a  single  bulb  (so  far  as  I  have  been  able  to  make  out),  obtains  val- 
ues which  are  almost  identical,  but  which  really  apply  only  to  the  par- 
ticular bulb  in  hand.     The  error  possible  in  measuring  the  constants  of 
the  bulb  is  one  of  a  very  serious  kind,  and  in  case  of  a  single  bu] 
remains  arbitrarily,  fixed.     The  data  of  Deville  and  Troost,  which  were 
obtained  by  using  a  large  assortment  of  bulbs,  bear  evidence  to  this. 
The  differences  between  their  later  results  are  by  no  means  insignifi- 
cant, and  these  observers  were  most  scrupulous  in  perfecting  their 
methods,  even  to  the  fine  points  of  experimental  detail.     Becquerel,  in 
using  divers  thermometer  bulbs,  encountered  the  same  wide  limits  of 
error.     Regarding  Becquerel's  later  and  very  low  values,  moreover,  it 
is  probable  that  the  criticism  of  Deville  and  Troost  applies.     Becque- 
rel's boiling-points  apparatus  was  imperfect.     In  the  case  of  so  large 
an  object  as  the  air-thermometer  bulb,  at  so  high  a  temperature  as  the 
boiling  point  of  zinc,  its  data  can  not  be  regarded  as  identical  with  the 
temperature  of  the  vapor  unless  it  be  in  actual  contact  with  it.     Evi- 
dence bearing  on  all  these  points  will  be  repeated  in  Chapter  IV. 

Eegarding  Deville  and  Troost's  experiments  on  the  coefficient  of  ex- 
pansion of  porcelain,  a  short  critical  remark  relative  to  the  occurrence 
of  permanent  dilatation  is  in  place  here.     When  a  porcelain  rod  is  sus- 

1  Troost:  Ibid.,  vol.  98,  1884, p.  L427. 

-Berthelot:  Ann.  ck.  et  phys.,  5th  series,  voL30,1883,  p. 530. 
3 Violle:  C.  R..  vol.94, 188?,  p. 720. 
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pended  at  one  end  and  heated  to  extreme  whiteness,  it  is  probable  that 
some  permanent  elongation  will  occur  by  virtue  of  the  viscosity  of  the 
hot  rod.  The  question  therefore  occurs  whether  this  permanent  expan- 
sion may  not  to  some  extent  have  produced  the  dilatation  due  to  vitri- 
fication whicb  they  observed,  or  have  been  partially  confounded  with 
it.  Messrs.  Deville  and  Troost  were  careful  to  test  the  specific  gravity 
of  their  heated  porcelain,  and  they  found  a  dimunition  of  density,  a  re- 
sult in  harmony  with  the  dilatation  observed.  Again,  the  fact  that  per- 
manent expansiou  vanished  after  successive  heating  in  their  experi- 
ments is  evidence  in  their  favor. 

And  yet  I  regard  this  remark  not  superfluous,  because,  in  my  own 
experiments,  in  which  careful  volumenometric  tests  of  the  volume  of 
the  bulb  after  successive  heatings  to  1,000°  or  1,200°  were  made,  I  ob- 
served no  permanent  dilatation  of  volume.  The  increments  I  found 
would  rather  point  to  contraction.  It  does  not  seem  probable,  more- 
over, that  porcelain  which  has  been  thoroughly  fired  in  the  manufact- 
urer's furnace  would  continue  to  change  in  volume  for  some  time  after, 
at  a  temperature  at  which  porcelain  is  appreciably  viscous. 

Dilatation  of  gases  {displacement  methods). — The  next  important  step 
in  air  thermometry  was  made  in  Germany  by  V.  Meyer  and  his  pupils, 
although  an  ingenious  suggestion,  which  was  probably  the  main  in- 
centive to  those  researches,  is  due  to  the  American,  Crafts.  So  far  as  I 
have  read,  Regnault1  appears  to  have  been  the  originator  of  methods 
of  air  thermometry  in  which  the  thermal  gas,  instead  of  being  measured 
manometrically,  is  chased  out  or  displaced  by  a  second  gas,  which  can 
subsequently  be  absorbed  or  otherwise  eliminated.  Eegnault's  bulb 
is  a  large  cylinder  of  iron  provided  with  two  capillary  stems  adjusted 
axially,  and  adapted  for  the  admission  and  efflux  of  the  gases.  He 
bases  his  measurements  on  hydrogen,  which  is  chased  out,  when  the 
desired  temperature  is  reached,  by  oxygen.  Oxygen  burns  the  hydro- 
gen, and  it  is  therefore  necessary  only  to  absorb  and  weigh  the  water 
thus  produced.  It  is  obvious  that  this  operation  may  be  repeated  as 
often  as  is  desirable. 

Schinz  (loc.  cit.),  who  repeated  these  measurements,  did  not  find  them 
satisfactorily  accurate.  Nevertheless,  a  process  which  is  of  inferior 
accuracy  below  1,500°  may  be  very  serviceable  above  the  temperature 
at  which  the  ordinary  methods  fail,  and  porcelain  becomes  viscous  or 
even  liquid.  This  appears  to  be  the  case  with  the  displacement  method 
as  Crafts  pointed  out. 

In  1878  Victor  and  C.  Meyer2  published  an  account  of  a  new  method 
of  determining  vapor  density.  In  this  the  air  contained  was  mechan- 
ically lifted  or  chased  out  at  any  given  temperature  by  vapors  issuing 
from  the  substance  whose  vapor  density  was  to  be  determined.    Inas- 

1  Regnault:  Ann.  cb.  et  phys.,  3d  scries,  vol.  63,  1861,  p.  39. 

2  V.  Meyer:  Berl.  Ber.,  vol.  11,  1878,  p.  1867;  V.  u.  C.  Meyer-  Ibid.,  1878,  p.  2253; 
Dingier'**  Jour.,  vol.  231,  1878,  p.  330;  vol.  232,  1879,  p.  418, 
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much  as  all  these  operations  can  be  carried  on  under  atmospheric 
pressure  the  apparatus  was  specially  adapted  for  high  temperature 
work.  Messrs.  Meyer1,  utilizing  these  advantages,  were  able  to  obtain 
definite  evidence  on  the  probable  dissociation  of  chlorine  and  iodine 
vapor.  Crafts  and  Meier2  then  pointed  out  that  Meyer's  method  could 
very  readily  be  adapted  for  temperature  measurement.  Optic,  calori- 
metric,  and  electrical  methods  of  temperature  measurement,  they  con- 
tend, are  all  dependent  on  the  air  thermometer,  the  results  of  which  are 
reliable  only  in  the  case  of  very  perfect  mechanism,  and  are  not  available 
above  the  temperature  at  which  porcelain  is  rigid.  By  inserting  a 
capillary  platinum  tube  into  the  neck  of  Meyer's  apparatus  the  air  can 
be  lifted  out  by  a  current  of  carbonic  acid  gas  or  of  hydrochloric  acid 
gas,  both  of  which  are  easily  absorbed.  It  is  possible  to  make  vapor 
density  measurement  to  alternate  with  thermal  measurements;  and 
since  the  operation  may  be  completed  in  two  minutes,  absolute  rigidity 
of  the  porcelain  vessel  is  not  rigorously  essential.  Entering  into  the 
spirit  of  this  suggestion,  Meyer3  and  his  pupils  opened  a  new  field  of 
pyrochemical  research,  in  which,  after  establishing  the  constancy  of 
the  coefficient  of  expansion  of  permanent  gases  at  high  temperatures, 
they  extend  their  inquiries  further  to  vapors.  Meyer's  apparatus  here 
is  a  hollow  sphere  of  porcelain  provided  with  axial  capillary  tubes  for 
influx  and  efflux  of  gas. 

Following  Meyer's  summary,  the  linear  character  of  the  heat  expan- 
sion of  gases  at  high  temperatures  (barring  dissociation)  is  to  be 
regarded  as  established  for  selenium  and  tellurium  (Deville  and  Troost), 
for  nitrogen,  oxygen,  mercury  vapor,  and  As2  G3  vapor  (V.  and  C. 
Meyer),  for  hydrochloric  acid,  and  carbonic  acid  gas  (Grafts),  and  for 
hydrogen  (Meyer  and  Ziiblin).  These  inferences  antagonize  the  pub- 
lished opinion  of  Troost,4  who,  with  Berthelot's  acquiescence,  prefers  to 
regard  the  expansion  of  gases  at  high  temperature  (iodine  for  instance) 
as  a  physical  function  of  temperature  rather  than  to  accept  the  occur- 
rence of  dissociation.' 

Meyer5  and  his  pupils,  however,  push  their  investigations  into  much 
greater  detail,  adding  to  the  number  of  gases  of  constant  thermal  c  >- 
efficient  and  interpreting  the  variable  behavior  of  others.  Their  nv  w 
researches  are  carried  on  at  temperatures  even  as  high  as  1,700°.  Their 
apparatus  is  a  long  platinum  tube  provided  with  terminal  capillary 
stems  of  platinum  which  have  been  ground  into  the  somewhat  narrow  it 
ends  of  the  tube.  This  thermometric  tube  is  surrounded  by  fire-clay 
which  in  its  turn  is  enveloped  by  a  second  and  wider  platinum  tube. 

lV.  u.  C.  Meyer:  Berl.  Ber.,  vol.  12,  1879,  p.  1426. 
2Crafts  and  Meier:  C.  R.,  vol.  90,  1880,  p.  606. 

3Meyer:  Berl.  Ber.,  vol.  13,  1880,  p.  2019;  ibid.,  vol.  15,  1882,  p.  1161. 
4Troost:  C.  R.,  vol.  91,  1880,  p.  54. 

5Lauger  u.  Meyer:  Pyrochemi.sche  Untersuchungen,  Braunschweig,  Vieweg  u. 
Bonn,  1885;  Berl.  Ber.,  vol.  18,  1885,  p.  1501.      • 
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To  obtain  the  high  temperatures  in  question  retort  carbon  is  burned  in 
an  air-blast.  The  displacement  method  shows  that  oxygen,  nitrogen, 
sulphurous  acid,  and  even  carbonic  dioxide  are  stable  at  1,700°.  Plati- 
num absorbs  much  oxygen  and  must  be  saturated  with  it  before  the  ther- 
mal measurements  are  commenced.  On  the  other  hand,  chlorine,  bro- 
mine, iodine,  carbonic  oxide,  steam,  and  even  hydrochloric  acid  are  more 
or  less  dissociated.  Following  these  researches  into  further  conse- 
quences, Meyer  and  his  pupils1  determine  the  vapor  density  of  zinc,  prov- 
ing that  all  known  metallic  vapors  are  monatomic,  and  they  even  meas- 
ure2 the  vapor  densities  of  antimony,  phosphorus,  and  arsenic,  at  1,437°. 

These  brilliant  researches  contain  the  most  advanced  work  thus  far 
done  on  the  subject  of  high  temperatures,  and  it  is  upon  the  validity  of 
some  of  their  results,  the  non-dissociative  character  of  the  expansion  of 
the  permanent  gases  at  high  lemperatures,  that  all  high  temperature 
thermal  measurement  depends. 

Vapor  tension. — Pyrometers  of  this  kind  have  received  little  attention. 
Sajotschewsky3  pointed  out  that  the  vapor  tensions  of  different  quanti- 
ties of  liquid  are  identical  as  far  as  the  absolute  boiling  point,  after 
which  the  curves  diverge.  He  further  studied  the  temperature  and 
pressure  relation  of  twelve  liquids  in  detail,  at  least  as  far  as  the  critical 
point.  The  importance  of  vapor  tension  thermometers  was  signalized 
by  Sir  William  Thomson,4  but  the  remarks  refer  principally  to  low 
temperatures.  Shaw5  has  recently  inquired  somewhat  rigorously  into 
such  pressure-temperature  relations.  For  moderately  high  temperatures 
Crafts's6  paper  seems  to  be  the  only  companion  research  to  Sajots- 
chewsky's.  Crafts  studied  the  boiling  poiut  and  vapor  tensions  of 
mercury,  and  sulphur  vapors,  as  well  as  of  some  carbon  compounds 
with  his  hydrogen  gas  thermometer. 

Dissociation. — The  difficulty  in  the  way  of  a  successful  application  of 
vapor  tension  thermometers,  Lamy  believed  to  have  been  overcome  in 
his  dissociation  thermometer.  In  the  suppositive  case  of  marble,  for 
instance,  originally  placed  in  a  vacuum,  the  pressure  due  to  the  evo- 
lution of  carbonic  dioxide  will  increase  with  temperature,  and  would 
finally  revert  to  the  pressure  zero  when  the  original  temperature  is 
again  reached.  Debray's7  data  for  the  dissociation  of  calcic  carbonate 
and  Isambert's8  further  researches  on  the  gaseous  dissociation  of  solids, 
suggest  a  number  of  materials.     Lamy9  incloses  these  in  an  exhausted 

^lensching  u.  Meyer:  Berl.  Ber.,  vol.  19,  1886.  p.  3295. 
2Meuscliiiig  u.  Meyer:  Gott.  Nachr.,  1887,  p. 258. 
3  Sajotschewsky :  Beiblatter,  vol.  3,  1879,  p.  741. 
4 Thomson:  Proc.  Royal  Soc.,  Edinburgh,  vol.  10,  1880,  p.  532. 
5 Shaw:  Trans.  Cambridge  Phil.  Soc,  Eng.,  vol.  14,  1885,  p.  30. 
6 Crafts:  Nature,  vol.  26,  1882,  p.  466. 
7Debray:  C.R.,vol.  64,  1867,  p.  603. 

8Isambert:  These  pr6sente  a  la  Faculty  des  sciences  de  Paris,  1868. 
9Lamy :  C.  R.,  vol.  69,  1869,  p.  347  ;  vol.  70, 1870,  p.  393.     Dingler's  Jour.,  vol.  194, 
1869,  p.  209 ;  vol.  195,  1870,  p.  525. 
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porcelain  bulb.  Weinhold  (loc.  cit.)  who  examined  this  apparatus  con- 
demns it,  at  least  so  far  as  the  u  pyrometre  a  marbre"  is  concerned.  It 
appears  that  the  carbon  dioxide  emitted  is  not  again  absorbed  with 
sufficient  regularity  to  subserve  the  purpose  of  thermal  measurement. 
Perhaps  Troost's1  diffusion  method  for  studying  high  temperature  dis- 
sociation is  to  be  added  to  this  paragraph. 

Fusion. — These  pyrometers  are  discontinuous  as  well  as  intrinsic. 
Nevertheless,  in  virtue  of  their  simplicity  they  are  among  the  most  serv- 
iceable of  all  the  forms  of  pyrometers  devised.  As  long  ago  as  1828,  Prin- 
sep,2  using  an  air-thermonietor  bulb  of  gold,  endeavored  to  measure  the 
melting  points  of  silver-gold,  silvej-platinum,  and  gold-platinum  alloys. 
The  brothers  Appolt3  investigated  similar  data  for  copper-tin  alloys, 
using  a  calorimetric  thermometer  for  high  temperature  measurement. 
A  special  double  crucible  for  fusion  of  silver-platinum  alloys  is  given  by 
Heeren.4  Temperatures  estimated  by  alloy  fusion  were  largely  made  use 
of  by  Plattner.  Becquerel,5  in  his  extended  paper  on  the  measurement 
of  high  temperatures,  gave  considerable  attention  to  melting  points. 
He  used  metallic  wires  and  measured  the  fusing  temperature  with  his 
calibrated  thermo-couple.  After  him,  Eiemsdyk6  made  a  series  of  meas- 
urements on  metallic  melting  points.  A  very  ingenious  series  of  ring- 
shaped  cups,  placed  on  a  common  axis  in  a  tier,  was  suggested  by 
Heeren.7  These  cups  contain  rings  of  alloy,  the  consecutively  varying 
melting  points  of  which  are  stamped  on  the  bottom  of  the  cups.  After 
each  observation  the  rings  are  simply  turned.  Carnelley8  made  use  of 
fusion  pyrometers,  substances  of  known  melting  points  being  inclosed 
in  capillary  tubes  to  serve  for  the  identification  of  similarly  exposed 
substances  of  unknown  melting  point.  Results  on  the  melting  points 
of  platinum  alloys  are  due  to  Roberts.9  A  more  elaborate  series  of  re- 
searches is  due  to  Yiolle,10  whose  data  for  high  melting  points  are  pre- 
sumably the  best  in  hand.  Violle  makes  a  careful  study  of  the  relation 
between  specific  heat  and  temperature.  Assuming  this  relation  to  hold 
as  far  as  the  melting  point  in  each  case,  he  fixes  this  point  for  silver 
(954°),  gold  (1,035°),  copper  (1,054°),  palladium  (1,500°),  platinum 
(1,775°),  and  iridium  (1,950°),  calorimetrically.  For  metals  which  melt 
below  the  platinum  point,  either  the  metal  itself  or  platinum  may  be 

iTroost:  C.R.,vol.  89,  1879,  p.  306. 

2Prinsep:  Trans.  Royal  Soc,  London,  1827;  Ann.  ch.  et  phys.,  2d  series,  vol.  41, 
1829,  p.  247;  Pogg.  Ann.,  vol.  13,  1828,  p.  576;  vol.  14,  1828,  p.  529. 

3Mitth.  des  Gewerbe  Vereins  fur  Hanover,  1855,  p.  345. 

"Heeren:  Dingler's  Jour.,  vol.  161,  1861,  p.  105. 

5 Becquerel:  Ann.  ch.  et  phys.,  3d.  series,  vol.  68,  1863,  p.  49. 

6Riemsdyk:  Jahresber.  d.  Chem.,  1869,  p.  993;  Chein.  News,  London,  vol.  20,  1869, 
p.  32. 

7 Heeren:  Zeitschr.  des  Vereins  d.  Ingenieure,  1876,  p.  314. 

8 Carnelley:  Jour.  Chem.  Soc,  London,  vol.  33,  1878,  p.  281. 

9  Roberts:  Ann.  ch.  et  phys.,  5th  series,  vol.  13,  1878,  p.  111. 

10 Violle:  C.  R.,  vol.  85,  1877,  p.  543;  vol.  87,  1878,  p.  981 ;  vol.  89,  1879,  p.  702. 

(G93) 


40         MEASUREMENT  OF  HIGH  TEMPERATURES. 

made  the  basis  of  measurement.  Both  methods  give  the  same  result. 
The  thermal  comparisons  are  based  on  the  porcelain  air-thermometer 
of  Deville  and  Troost.  Furthermore,  Erhard  and  Schertel1  at  about 
this  time  made  elaborate  re-determinations  of  the  melting  points  of  very 
pure  Prinsep's  and  other  precious  alloys,  by  simultaneously  exposing 
these  alloys  and  a  porcelain  air-thermometer  in  a  large  muffle.  Having 
obtained  a  series  of  silver- gold  and  gold-platinum  alloys,  melting  be- 
tween 984°  and  1,408°,  they  apply  these  data  practically,  determining 
by  means  of  them  a  table  of  meltiug  points  of  known  silicates  (1,208° 
to  1 ,444°).  Coneehy,2  at  the  suggestion  of  Carnelley,  used  fusing  points 
to  find  the  temperature  at  which  arsenic  volatilizes.  Silicious  mixtures 
of  gradually  increasing  fusing  points  have  been  investigated  by  Seger, 
in  Germany,  and  his  tables  are  printed  in  full  by  Lauth,3  who  also  gives 
some  attention  to  alloy  fusions.  Seger's  mixtures  are  made  of  feldspar, 
chalk,  and  kaolin,  substances  easily  obtained,  and  they  fuse  between 
1,100°  and  1,700°.  Finally,  the  data  of  LeOhatelier4  must  be  mentioned, 
by  whom  fusing  points,  as  well  as  temperatures  of  chemical  decompo- 
sition, have  been  measured.  Tables  of  melting  points  are  published 
in  great  fullness  by  Carnelley.5  Excellent  and  serviceable  tables  of  this 
kind  are  also  to  be  found  m  Landolt  and  Boernstein's6  Physikalisch- 
chemische  Tabellen. 

Specific  heat.—T\iQ  measurements  of  temperature  calorimetrically 
dates  as  for  back  as  Guyton-Morveau,7  in  whose  pyrometric  researches 
it  is  definitely  proposed.  Schwarz8  used  both  iron  and  water  as  well 
as  platinum  and  mercury.  Coulomb,9  in  studying  the  relation  between 
hardness  aud  permanent  magnetization,  determined  the  temperatures 
before  quenching  or  annealing,  by  submerging  the  rods  in  water  under 
known  conditions.  Clement  and  Desormes10  use  iron  and  water  for  tech- 
nological temperature  measurement,  as  was  proposed  also  by  others.11 
In  general,  however,  neither  is  any  attention  given  to  the  variation 
of  specific  heat  and  temperature,  nor  is  allowance  made  for  errors 
by  radiation. 

1  Erhard  u.  Schertel :  Jahrbuch  fur  das  Berg  u.  Hiitten-wesen  im  Konigr.  Sachsen, 
1879,  p.  154. 

2Conechy:  Chem.  News,  London,  vol.  41,  1880,  p.  189. 

3Lauth:  Bull.  Soc.  chim.,  Paris,  vol.  46,  1886,  p.  786. 

4Le  Chatelier:  Ibid.,  vol.47,  1887,  p.  300. 

s Thomas  Carnelley:  Melting  aud  boiling  point  tables;  London,  Harrison  &  Sons, 
two  vols.,  1885. 

6  Landolt  u.  Bornstein:  Physikalisch-ehemische  Tabellen,  Berlin,  Julius  Springer, 

1883. 

7  Guyton-Morveau  :  Ann.  ch.  et  phys.,  vol.  46,  1803,  p.  276;  vol.  73, 1810,  p.  254  ;  vol. 
74,  1810,  pp.  18,  129 ;  vol.  90,  1814,  pp.  113,  225. 

8 Schwarz:  Bull.  Soc.  Mulhause,  1827,  p.  22;  Pogg.  Ann.,  vol.  14,  1828,  p. 530. 

9  Coulomb :  Pogg.  Ann.,  vol.  14,  1828,  p.  530. 
10 Clement  and  Desormes:  Dingler's  Jour.,  vol.  33,  1829,  p.  145. 
11  Anonymous:  Pogg.  Ann.  2d  series  vol.  39",  1836,  p.  518. 
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At  this  point  Pouillet1  took  up  these  researches.  He  measured  the 
specific  heat  of  platiuum  between  0°  and  1,U00°,  by  direct  comparisons 
with  liis  platinum  air-thermometer.  The  data  found  were  so  nearly 
constant  as  to  give  the  calorimetric  method  of  temperature  measure- 
ment considerable  importance.  After  a  scientific  basis  had  thus  been 
given,  the  method  was  soon  practically  developed  and  many  special 
forms  of  application  were  devised.  Miller2  describes  an  apparatus  in 
which  iron  or  platinum  is  quenched  in  mercury.  This  apparatus  is 
discussed  by  Schubarth.3  In  an  apparatus  due  to  Wilson,4  platinum  or 
even  clay  is  cooled  in  water.  Schinz5  recommends  platinum  and  water. 
Siemens's6data  are  based  on  calorimetric  measurements  with  copper  and 
water.  Bystrom7  describes  a  platinum  water  pyrometer.  Weinhold,8 
who  reinvestigated  the  specific  heat  of  platinum  at  high  temperatures, 
found  an  anomalous  behavior,  while  that  ot  iron  was  quite  regular. 
From  these  results  for  iron  Schneider9  calculated  an  extensive  table. 
In  view  of  the  known  anomalous  behavior  of  iron  at  red  heat,  the 
regular  variation  of  its  specific  heat,  as  compared  with  that  of  platinum, 
is  certainly  very  remarkable,  and  quite  at  variance  with  more  recent 
results  of  Pionchon  (see  below).  Salleron's10  pyrometer  makes  use  of 
copper  cooled  in  water.  Special  attention  is  to  be  given  to  Carnelley 
and  Williams's11  calorimetric  work,  in  view  of  the  many  valuable  data 
which  these  observers  deduce  by  means  of  it.  In  their  experiment  a 
platinum  vessel  of  special  form  is  heated  to  the  unknown  temperature 
and  then  quenched  in  water.  Fischer's12  calorimeter  again  is  adapted 
to  furnace  uses — cooling  in  water.  Hobson13  and,  more  thoroughly, 
Bradbury,14  endeavored  to  apply  a  new  method  of  calorimetric  pyrome- 
try.  They  cool  the  hot  air  of  the  blast  with  a  known  amount  of  cold  air 
and  measure  the  resulting  temperature. 

Thereupon  Violle15  began  to  publish  the  researches  to  which  refer- 
ence has  already  been  made.     By  investigating  formulated  relations 

1  Pouillet:  C.  R.,  vol.  3, 1836,  p.  782. 

2Miller :  New  Philos.  Jour.  Edinburgh,  vol.  44, 1848,  p.  126  ;  Dingler's  Jour.,  vol.  108, 
1848;  p.  115. 

3  Schubarth  :  Dinger's  Jour.,  vol.  110, 1848,  p.  32. 

4  Wilson:  Philos.  Mag.,  London,  4th  series,  vol.4,  1852,  p.  157;  Dingler's  Jour.,  vol. 
158,  1860,  p.  108. 

5  Schinz :  Warme-messkunst,  1858,  p.  53. 
^Siemens:  Dingler's  Jour.,  vol.217,  1875,  p. 291. 

7  Bystrom:  Mechanics' Jour.,  2d  series,  vol.  8,  1862,  p.  15 ;   Fortschritto  d.  physik, 
1862,  p.  344;  ibid.,  1863,  p.  355. 
b  Weinhold:  Pogg.  Ann.,  vol.149,  1873,  p.  186. 
9 Schneider:  Zeitschr.  des  Vereins  Deutscber  Ingen.,  1875,  p.  16. 
10Salleron :    Sci.  Am.,  1875,  p.  50. 

11  Carnelley  and  Williams :  Jour.  Chem.  Soc.  London,  vol.  1,  1876,  p.  489. 

12  Fischer:  Dingler's  Jour.,  vol.  225,  1877,  p.  467. 

13  Hobson:  Ibid.,  vol.222,  1876,  p.  46. 

14  Bradbury:  Ibid.,  vol.  223,  1877,  p.  620. 

16 Violle:  C.  R.,  vol.  85,  1877,  p.  543;  Philos.  Mag.  Lond.,  5th  series,  vol.  4,  1877,  p. 
318;  C.  R.,  vol.  87,  1878,  p.  981;  Ibid.,  vol.  89,  1879,  p.  702. 
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between  specific  beat  and  temperature  almost  as  far  as  2,000°,  be  made 
silver,  gold,  copper,  palladium,  platinum,  and  perbaps  iridium,  availa- 
ble for  tbermal  measurement.  V.  Meyer1  before  adopting  Graft's  sug- 
gestion bad  measured  bis  temperatures  calorimetrically.  In  America, 
practical  calorimetric  temperature  measurement  was  studied  witb  mucb 
success  by  Hoadley,2  wbo  describes  an  apparatus  and  tbe  precautious 
to  be  observed.  Like  Violle,  be  endeavors  to  arrive  at  tbe  melting 
point  of  platinum,  and  finds  a  small  value  of  about  1,600  0.  Mr. 
Hoadley,  however,  questions  tbe  purity  of  bis  platinum.  An  elaborate 
research  published  by  Ehrhardt3  proposes  to  find  the  specific  heat  of 
"iodides,  bromides,  aud  chlorides  throughout  large  ranges  of  tempera- 
ture. Ehrhardt  measures  his  temperatures  with  the  porcelain  air- ther- 
mometer and  carries  his  investigations  as  far  as  600°. 

Finally,  I  desire  to  advert  to  an  important  research  by  Pionchon.4 
This  observer  makes  a  special  study  of  the  specific  heat  of  iron  between 
0°  and  1,000°,  and  finds  a  regular  cubical  formula  to  obtain  between  0° 
and  655°.  Between  660°  and  723°  the  increase  is  much  more  rapid, 
and  between  723°  and  1,000°  the  relation  is  nearly  linear.  This  inter- 
esting result  adds  a  new  anomaly  to  the  behavior  of  iron  at  red  heat,  for 
in  the  last  mentioned  interval  (723°-l,000°)  the  specific  heat  of  iron 
is  nearly  double  that  which  holds  for  tbe  first  interval. 

Ebullition. — Eeference  to  high  temperature  boiling  points  has  already 
been  made  in  the  sections  on  air  thermometry.  Full  data  are  given  in 
the  tables  of  Carnelley  and  of  Landolt  u.  JBcernstein,  just  mentioned.  In 
this  place  I  desire  to  call  attention  to  the  data  of  Crafts,5  in  which,  by 
using  napthaline  and  benzophenol,  temperatures  of  ebullition  between 
140°  and  350°  are  obtainable  by  tbe  mere  variation  of  pressure  from 
8.7cm  to  230rm. 

Heat  conduction. — A  simple  device  for  a  thermostat  is  made  by 
Jourdes6  who  inserts  a  bar  of  metal  into  the  furnace  and  measures  tbe 
temperatures  at  points  cold  enough  for  the  mercury  thermometer.  Heat 
is  conveyed  along  tbe  bar  by  conduction,  and  there  are  cavities  to  re- 
ceive the  thermometers,  A  somewhat  different  attempt  of  this  kind  is 
due  to  Main,7  who  surrounds  a  mercury  thermometer  bulb  with  asbes- 
tos and  exposes  it  for  stated  lengths  of  time.  Very  elaborate  attempts 
to  determine  the  temperature  on  the  inner  surface  of  a  furnace  wall,  by 
measuring  the  temperature  of  the  outer  surface  under  known  conditions 
of  conductivity,  were  published  by  Scbinz.8     Following  a  method  origi- 

1  Meyer:  Berl.  Ber.,  vol.  12,  1879,  p.  1426. 

2 Hoadley:  Jour.  Franklin  Inst.,  3d  series, vol.  84,  1882. 

3 Ehrhardt:   Wied.  Ann.,  vol.  24,  1885,  p.  215. 

4 Pionchon:  C.  R.,  vol.  102,  1886,  p.  1454. 

6 Crafts:  Nature,  vol.  26,  1882,  p. 466. 

6  Jourdes:  C.  R.,  vol.  51,  1860,  p.  68;  Dingler's  Jour.,  vol.  157,  1860,  p.  151. 

7 Main:  Ibid.,  vol  221,  1876, p.  117. 

8  Schinz :  Dingler's  Jour.,  vol.  163, 1862,  p.  321 ;  ibid,  vol.  177, 1865,  p.  85. 
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nally  devised  by  Peclet,1  Schiuz  first  made  a  number  of  measurements 
of  the  beat  conductivity  of  the  material  composing  the  furnace  walls, 
devising  special  apparatus  for  that  purpose.  Having  duly  tested  the 
method,  however,  he  abandoned  it  because  of  the  irregularity  of  the 
conduction  phenomenon  within  the  walls  and  because  of  its  want  of 
sensitiveness  as  compared  with  electric  methods. 

All  the  above  methods  have  failed  in  practice.  On  the  other  hand, 
the  circulating  water-pyrometer  due  to  Boulier2  and  others,  in  which 
the  heat  passing  by  conduction  into  the  explorer  or  measuring  part 
of  the  instrument  is  carried  off  by  a  current  of  water  flowing  between 
known  levels,  seems  to  be  gaining  in  favor.  The  thermal  estimate  is' 
made  by  measuring  the  temperature  of  the  water  before  entering  and 
after  leaving  the  furnace.  The  indications  are,  of  course,  wholly  em- 
piric. In  Boulier's  compact  and  ingenious  apparatus  the  explorer  is  a 
cylindrical  box,  with  internal  cylindrical  partitions  so  adjusted  as  to 
secure  a  flow  of  water  in  cylindrical  sheets.  Water  enters  the  outer 
compartment  and  leaves  the  inner,  thus  avoiding  loss  by  radiation. 
According  to  Brown  (loc.  cit.)  these  apparatus,  which  are  used  with  great 
success  in  connection  with  porcelain  furnaces  (Lauth),  are  due  to  Sain- 
tignon.     Carnelley  prefers  a  spiral  explorer. 

Radiation. — I  have  mentioned  that  the  first  temperature  scale  pro- 
posed was  that  of  Newton3  (1701)  derived  immediately  from  his  law  of 
cooling.  A  piece  of  red  hot  iron  was  experimented  upon.  Long  after 
this  M'Sweeney4  proposed  to  catch  the  heat  radiated  from  a  furnace  by 
a  concave  mirror,  at  the  focus  of  which  he  placed  a  thermometer.  Fol- 
lowing close  upon  Govi's5  photometric  comparison  of  spectra,  Becquerel6 
published  his  large  memoir  on  high  temperature  pyrometry.  Using  the 
red  copper  glass,  he  investigates  an  exponential  relation  in  which  the 
photometric  intensity  of  red  light  is  expressed  in  terms  of  the  tempera- 
ture of  the  source  of  radiation.  Green  and  blue  glasses  were  also  used. 
In  addition  to  many  results  which  must  be  omitted  here,  Becquerel 
proves  that  although  all  bodies  have  not  the  same  power  of  radiation, 
truly  opaque  bodies  like  platinum,  lime,  magnesia,  carbon,  differ  but 
little  in  this  respect  as  far  as  the  melting  point  of  platinum.  Oxdiz- 
able  substances  like  iron  and  copper  are  not  superficially  opaque  when 
covered  by  layers  of  oxide.  Exterpolating  by  aid  of  his  equation  Bee-* 
querel  finally  concludes  the  2,100°  is  probably  the  highest  temperature 
electrically  obtainable.     The  identity  of  emissive  power  accepted  for 


1  Peclet :  Trait6  element,  de  Physique,  4th  ed\,  vol.  1, 1847,  p.  418. 

3  C.  F.  Amagat :  C.  R.,  vol.  97, 1883,  p.  1053  ;  Lauth  :  Bull.  Soc.chimique  Paris,  n.  s., 
vol.40, 1883,  p.  108;  Carnelley:  Jour.  Chem.  Soc. London,  vol.  45,  1884,  p.  237  ;  Lauth: 
Bull.  Soc.  chimique,  Paris,  vol.  46, 1886.  p.  786,  and  others. 

3  Newton  :  Scala  graduum  caloris ;  Philos.  Trans.,  vol.  22,  1701,  p.  824. 

4M'Sweeny:  Pogg.  Ann.,  vol.  14,  1828,  p.  531. 

6Govi:  C.  R.,  vol.  50,  1860,  p.  156. 

6 Becquerel:  C.  R.,  vol.  55,  1862,  p.  826;  Ann.  ch.  et  phys.,  3d  series,  vol.  68,  1863, 
p.  49.     Also  Draper:  Fundamental  researches,  Philos.  Mag.,  vol.  30,  1847,  p.  S45. 
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opaque  bodies  by  Becquerel,1  involved  him  in  a  dispute  with  dela  Pro- 
vostaye2 in  which,  however,  the  position  of  the  former  was  not  seriously 
impugned. 

Decharme,  repeating  Pouillet's  experiments,  concludes  that  the  inten- 
sity of  the  glow  of  metals,  particularly  of  platinum,  is  largely  dependent 
on  the  thickness  of  the  wire.  After  this  Crova 3  undertook  a  long  series 
of  experiments,  in  the  course  of  which  he  made  the  subject  of  radiation 
pyrometry4  practically  his  own.  The  law  of  emission  being  known, 
temperature  may  at  once  be  measured  spectro-photometrically.  Crova 
in  some  of  his  experiments  obtains  his  radiation  directly  from  the  bulb 
Of  a  porcelain  air  thermometer.  His  results  confirm  BecquerePs  datum 
that  the  emissive  power  of  absolutely*  opaque  bodies  is  the  same.  A 
series  of  experiments  on  radiation  and  temperature  was  published  by 
Nichols,5  who  also  uses  his  own  results  for  a  critical  discussion  of  the 
work  of  Crova  (1.  c.)  and  of  the  indications  of  the  radiation  pyrometer 
in  general.  In  the  same  year  Stefan6  published  his  law  of  radiation, 
according  to  which  the  amount  of  heat  emitted  by  a  hot  body  in  vacuo 
increases  as  the  fourth  power  of  its  absolute  temperature.  Violle,7 
using  Gray's  and  Trannin's  photometer,  determined  the  photometric 
intensity  of  light  emitted  by  glowing  platinum  at  different  tempera- 
tures, results  which  he  endeavors  to  formulate.  Similar  experiments 
he  subsequently  makes  for  silver  nearly  at  its  melting  point.  An  ex- 
periment with  reference  to  temperature  aud  incandescence  was  pub- 
lished by  Bezold.8  To  put  the  law  proposed  by  Stefan  (1.  c.)  to  a  prac- 
tical test,  Schneebeli9  commenced  a  series  of  experiments  in  which  ther- 
mal measurements  between  400°  and  1,200°  were  made  by  a  porcelain 
airthermometerof  Schneebeli's 10  own  construction.  Eadiation  measure- 
ments are  made  by  a  crude  bolometer  n  of  tin  foil,  the  instrument  which 
Langiey12  has  carried  to  a  remarkable  degree  of  perfection.     Schnee- 


1  Becquerel :  C.  R.,  vol.  57, 1863,  p.  681;  Anualeschiinie,  4th  series,  vol.  1,  1864,  p.  120. 

2  Do  la  Provostaye:  C.  R.  vol.  57,  1863,  p.  637 ;  Ibid.,  p.  1022.  The  older  papers  of 
de  la  Provostaye  et  Dessains;  see  Aun.  de  ch.  et  phys.,  3d  series,  vol.  12,  1844  ?  p.  129; 
Ibid.,  vol.  16,  1846,  p.  337;  ibid.,  vol.  22,  1848,  p.  358;  also  de  la  Provostaye  :  Ibid., 
vol.  67,  1863,  p.  1.  Dulong  and  Petit's  older  radiation  work  is  given  in  Ann.  ch.,  2d 
series,  vol.  7,  1817,  pp.  113,  225. 

3  Crova:  C.  R.,  vol.  87,1878,  pp.  322,979;  C.  R.,  vol.  90,  1880,  p. 252  ;  Ann.chhn.  et 
•phys.,  5th  series,  vol.  19,  1880* p.  472  ;  Jour,  de  phys.,  vol.  8,  1879,  p.  196. 

4  Regarding  spectrophometric  work  upon  which  measurement  like  the  present 
largely  depends,  see  Govi :  C.R.,  vol.  50,  1860,  p.  156;  Trannin,  Jour.de  phys., 
Paris,  vol.  5,  1876,  p.  297 ;  Vierordt:  Pogg.  Ann.,  vol.  1,  37,  1869,  p.  200;  Glan :  Wied. 
Ann.,  vol.  1,  1877,  p.  351. 

5  Nichols:  Am.  Jour.  Sci.,  3d  series,  vol.  18,  1879,  p.  446;  ibid.,  vol.  19,  1880,  p.  42. 
fi  Stefan  :  Wien.  Ber.,  vol.  79,  2d  series,  1879,  p.  391. 

7  Violle :  C.  R.,  vol.  92,  1881,'p.  866, 1204  ;  C.  R.,  vol.  96,  1883,  p.  1033. 

8 Bezold:  Wied.  Ann.,  vol.  21,  1884,  p.  175. 

9  Schneebeli:  Wied.  Ann.,  vol.  22,  1884,  p.  430. 
10Schneebeli:  Arch,  sci.,  phys.  etnat.,  Geneva,  vol.8,  1882,  p. 244. 
uSvanberg:  Pogg.  Ann.,  vol.84,  1851,  p.  411. 
12  Langiey:  Am.  Jour.,  3d  ser.,  vol.  21,  1881.  p.  187. 
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beli  finds  tbat  the  law  of  Stefan  very  closely  interprets  his  experi- 
ments. In  a  series  of  beautiful  experiments  Schleiertnacher !  puts  the 
same  law  to  a  rigorous  test.  He  heats  a  platinum  wire  to  incandes- 
cence in  an  inclosure,  the  walls  of  which  can  be  heated  to  different 
constant  temperatures  (0°  to  200°),  and  from  which  all  air  has  been 
carefully  exhausted.  The  actual  temperature  of  the  wire  is  calculated 
from  its  resistance,  a  series  of  subsidiary  researches  in  which  the  wire 
is  compared  with  the  porcelain  air  thermometer  having  previously  been 
made.  The  amount  of  heat  generated  in  the  wire  following  from  Joule's 
law,  Schleiermacher  has  the  data  necessary  to  test  Stefan's  law.  In, 
this  way  he  proves  that  the  heat  emitted  from  platinum,  covered  or  not 
with  copper  oxide,  increases  with  temperature  in  greater  rate  than 
Stefan's  law  predicts.  Schleiermacher  then  interprets  the  discrepan- 
cies observed. 

At  the  close  of  the  present  paragraph  a  few  references  to  the  use  of 
the  radiation  pyrometer  for  evaluating  solar  temperature  and  others 
of  great  intensity  is  in  place.  Passing  over  the  earlier  measurements 
we  find  a  paper  of  Soret,2  and  at  about  the  same  time  one  by  Violle.3 
The  latter's  memoir  is  particularly  complete,  containing  the  history 
of  the  subject  and  a  discussion  of  methods  and  apparatus.  Making 
his  observations  on  Mount  Blanc,  Violle  finds  2,500°  for  the  surface  tem- 
perature of  the  sun.  After  this,  observations  on  the  temperature  of 
flames,  of  the  electric  arc,  and  of  the  sun,  were  published  by  Rossetti.4 
Using  a  thermo-couple,  he  investigates  a  law  of  radiation  as  far  as 
the  boiling  point  of  mercury,  which  law  he  carefully  formulates.  With 
due  allowance  for  atmospheric  absorption,  Rossetti  finds  9,965°  as  the 
sun's  surface  temperature.  The  process  is,  of  course,  one  of  extrapola- 
tion. The  same  method  applied  to  the  temperature  of  the  electric  arc, 
gives  2,500°  and  3,900°  as  the  temperatures  of  the  negative  and  posi- 
tive poles  respectively.  A  further  important  contribution  to  solar  sur- 
face temperatures  is  due  to  Crova.5 

Other  optic  methods  of  pyrometry6  endeavor  to  establish  the  rela- 
tions between  temperature  and  the  character  of  the  spectrum.  Dewar 
and  Gladstone7  attempted  and  finally  abandoned  a  project  of  this  kind. 
On  the  other  hand,  however,  Stas8  refers  with  some  enthusiam  to  the 

•Schleiermacher:  Wied.  Ann.,  vol.26,  1885,  p.  287. 
2 Soret:  Ann.  de  l'^cole  norm.  sup6r.,  2d  series,  vol.  3,  1874,  p.  435. 
3  Violle:  Ann.  ch.  et  phys.,  Paris,  vol.  10,  1877,  p.  289. 

"Rossetti :  Ann.  ch.  et  phys.,  vol.  17,  p.  177  r  1879  ;  C.  R.,  vol.  89,  1879,  pp.  384,  781  ; 
Philos.  Mag.,  London,  5th  series,  vol.  8,  1879,  p.  324. 
5 Crova:  C.  R.,  vol.  95,  1882,  p.  1271. 

6  Prof.  Cleveland  Abbe  has  called  my  attention  to  a  paper  in  the  Comptes  Rendus, 
in  which  the  continuous  change  of  rotation  of  the  plane  of  polarization  of  quartz, 
with  temperature,  is  made  the  basis  of  thermal  measurement.  Unfortunately  I  can 
not  now  supply  the  reference. 

7  Dewar  and  Gladstone:  Chemical  News,  vol.  28,  1873,  p.  174. 

8 Stas:  Bull.  Acad.  Roy.  Belgique,  3d  series,  vol.  7,  1884,  p.  290. 
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research  of  Fievez,1  in  which  the  attempt  to  associate  the  wave-length 
character  of  the  spectrum  with  the  temperature  of  the  source  has  again 
been  made.  Eecently  a  number  of  German  physicists  have  undertaken 
a  re-interpretation  of  Draper's  law.  I  have  only  space  to  allude  to 
the  papers  of  H.  F.  Weber,2  Stenger,3  and  Kovesligethy,4  by  whom  the 
questions  relating  to  emission  and  absorption  of  light  are  being  vigor- 
ously discussed.  In  America  a  series  of  well-known  researches  have 
been  published  by  Laugley.5  Having  perfected  the  bolometer,  and 
thus  developed  a  new  method  for  the  measurement  of  radiant  heat  and 
light,  Langley,  in  a  series  of  researches  which  are  still  in  progress,  has 
determined  the  distribution  of  energy  in  prismatic  solar  spectra  and  in 
the  spectrum  of  the  grating.  Proceeding  thence  to  artificially  incan- 
descent bodies,  Langley  is  actively  engaged  in  mapping  out  the  char- 
acter of  their  spectra  for  all  temperature  0°  to  2,000°  of  the  source. 

Less  adapted  for  accurate  measurement  are  certain  pyrognomic  sub- 
stances6 which  discolor  with  temperature,  such  as  the  iodides  of  copper 
and  mercury,  for  instance.  To  this  class  belong  the  oxide  coats7  which 
form  on  iron  and  copper.  The  tints,  however,  depend  not  only  on  the 
temperature  but  very  materially  on  the  time  of  exposure.8 

Viscosity. — Very  little  use  has  been  made  of  the  viscous  qualities 
of  a  substance  for  temperature  measurement.  Sir  William  Thomson,9 
indeed,  proposed  a  thermoscope  based  on  the  change  of  viscosity  of 
liquids,  more  especially  of  water  with  temperature;  but  it  is  intended 
for  low  temperatures,  and  does  not  seem  ever  to  have  been  used. 

In  my  own  work  I  have  found  that  kaolins  and  fire  clays  could  be 
classified  by  noting  the  amount  of  sag  at  a  given  temperature  and  for 
a  given  time,  which  rods  of  the  same  form  and  dimensions  experienced 
when  spanning  the  distance  between  supports  at  a  given  length  apart. 
The  criterion  here  is  flexural  viscosity.  Such  a  process  would  lend 
itself  for  temperature  measurement  conducted  in  a  way  similar  to  the 
fusion  experiments  in  the  case  of  alloys.  It  seems  curious,  however, 
that  no  attempt  has  yet  been  made  to  base  pyrometric  measurements 
on  the  viscosity  of  gases.  Following  MaxwelPs10  well-known  investi- 
gation, the  viscosity  of  gases  is  independent  of  the  pressure  and  de- 
pendent only  on  the  absolute  temperature.  From  a  theoretic  point  of 
view,  therefore,  such  pyrometers  have  almost  as  much  in  their  favor  as 

1  Fievez :  Bull.  Acad.  Roy.  Belgique,  3d  series,  vol.  7,  1884,  p.  348. 
2H.  P.  Weber:  Wied.  Ann.,  vol.  32,  1887,  p.  256. 
3 Stenger:  Ibid.,  1887,  p.  271. 
4  Kovesligethy :  Wied.  Ann.,  vol.  32,  1887,  p.  699. 
6 Langley:  Am.  Journ.  Sci.,  3d  series,  vol.  25,  1883,  p.  169. 
6 Hess:  Dingl.  Jour.,  vol.  218,  1875,  p.  183. 
7  Fischer:  Dingler's  Jour.,  vol.  225,  1877,  p.  278. 
s  Barns  &  Strouhal :  Bull.  U.  S.  Geol.  Survey,  No.  18. 
9 Thomson:  Proc.  Royal  Soc,  Edinburgh,  vol.  10,  1880,  p.  537. 

10 Maxwell:  Pbilos.  Mag.,  London,  4th  series,  vol.  19,  I860,  p,  19;  ibid.,  vol. 32, 1866, 
p.  390;  ibid.,  vol.  35,  1808,  pp.  129,  185;  Phi los. Trans.,  vol.  1,  1866. p.  249. 

(700) 


barus.]  METHODS    OF    PYROMETRY.  47 

the  air  thermometer  itself.  The  form  of  apparatus  most  easily  used 
experimentally,  viz,  the  platinum  transpiration  tube,  is  based  on  prin- 
ciples not  quite  as  direct  as  Maxwell's  law.  Nevertheless  Meyer1  has 
succeeded  in  interpreting  Graham's2  data,  has  discussed  his  experi- 
mental methods,  and  has  more  recently  shown  that  both  Graham's  and 
Coulomb's  vibration  methods  lead  to  the  same  results.  Work  of  this 
kind  has  also  occupied  Stefan.3  In  Meyer's  deduction  the  volume  of 
gas  transpiring  per  unit  of  time  under  given  conditions,  besides  de- 
pending on  the  pressures,  the  internal  friction,  the  length  of  tube, 
involves  an  expression  containing  the  fourth  power  of  the  radius 
of  the  capillary  tube  and  the  ratio  of  internal  to  external  gaseous 
friction  coefficiented  by  the  third  power  of  radius.  Hence  .in  such  a 
pyrometer  the  coefficient  of  heat  expansion  of  platinum  must  be  some- 
what carefully  predetermined.  According  to  Nichols  (1.  c.)  this  is  by 
no  means  seriously  difficult.  Supposing  a  capillary  platinum  spiral  to 
terminate  in  two  larger  platinum  tubes  (of  which  one  may  wholly  en- 
velop the  other),  we  have  given  at  once  the  effective  part  of  the  mech- 
anism of  a  thermometer  based  on  the  viscosity  of  gases.  Such  a  ther- 
mometer may  be  used  as  far  as  the  melting  point  of  platinum.  For 
temperatures  beyond  this,  porous  fire-clay  plugs  in  an  impervious  tube 
suggest  themselves. 

Acoustics. — The  next  year  after  Pouillet's  fundamental  research  on 
pyrometry,  his  brilliant  and  ingenious  countryman,  Cagniard-Latour,4 
acting  in  concert  with  Demonferrand,  proposed  an  acoustic  air  ther- 
mometer. Inasmuch  as  the  velocity  of  sound  in  dry  air  is  proportional 
to  the  square  root  of  the  absolute  temperature,  Latour  and  Demonfer- 
rand easily  wrought  out  a  formula  in  which  temperature  is  expressed 
in  terms  of  the  vibrations  of  the  fundamental  note  of  their  apparatus  at 
the  high  temperatures  and  at  normal  temperatures.  They  estimate  that 
the  error  of  a  comma  would  not  exceed  30°  at  1,000°.  This  apparatus 
was  afterwards  reinvented  by  Mayer,5  who  discusses  its  principle  ex- 
haustively. Mayer  calculates  tables  for  temperature,  velocity  of  sound 
and  wave  length,  between  —300°  and  +2,000°,  and  suggests  many 
devices  of  measurement.  After  Mayer  the  same  principle  was  empha- 
sized by  Chautard,6  who  simplified  the  apparatus  necessary,  but  he 
expresses  some  doubt  as  to  its  efficiency. 

1  O.  E.  Meyer:  Fogg.  Ann.?  vol.  127,  1866,  pp.  253,  353  ;  ibid.,  vol.  125, 1865,  pp.  177, 
401;  ibid.,  vol.  143,  1871,  p.  14;  Wied.  Ann.,  vol.  32,  1887,  p.  642;  cf.  Konig,  ibid.,  p. 
193. 

2  Graham's  original  researches.  See  Philos.  Trans.,  London,  1846,  p.  573;  1849, 
pt.  2,  p.  349.  The  suggestion  of  using  platinum  capillary  tubes  at  high  temperatures 
is  my  own. 

3  Stefan:  Wien.  Ber.,  vol.  46,  1862,  p.  495. 

4  Cagniard-Latour  et  Demonferrand  :  C.  R.,  vol.  4,  1837,  p.  28. 
6  Mayer:  Pogg.  Ann.,  vol.  148,  1873,  p.  287. 

6  Chautard:  C.  R.,  vol.  78,  1874,  p.  128;  Pogg.  Ann.,  vol.  153,  1874,  p.  158. 
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Thermo-electrics. — Tbe  use  of  the  thermo-couple  for  high  temperature 
pyrometry  was  suggested  and  carried  to  a  high  state  of  perfection  in 
the  great  research  of  Pouillet.1  He  used  iron  and  platinum  for  his 
couple.  Subsequent  observers  suggested  a  wide  range  of  substances  for 
the  purpose,  and  improved  the  methods  of  electrical  measurement  and 
thermal  comparison,  the  best  of  them,  however,  following  very  closely 
in  the  footsteps  of  Pouillet's  research.  Solly2  proposed  an  iron-copper 
couple,  without,  however,  attempting  to  calibrate  it.  Eegnault3  tested 
an  iron-platinum  element  but  failed  to  obtain  satisfactory  results.  This 
unfavorable  dictum  of  the  great  experimentalist  is  much  to  be  regretted, 
for  it  was  probably  the  main  reason  which  threw  the  subject  of  thermo- 
electric pyrometry  into  undeserved  disrepute.  Fortunately  Becquerel4 
resuscitated  tbe  method,  and  in  his  hands  it  led  to  the  new  results  cited 
above.  Becquerel's  elements  were  of  platinum  and  palladium,  of  two 
different  kinds  of  platinum,  and  of  platinum  and  iron,  among  which  he 
preferred  the  former.  After  Becquerel,  Schinz5  began  thermo-elec- 
tric pyrometry  with  great  vigor  and  success,  and  it  is  indeed  curious 
that  Schinz's  work  is  so  little  known.  His  iron  air  thermometer, 
adapted  specially  for  calibration  work,  has  been  already  described. 
Its  chief  merit  is  this,  that  an  iron  tube  closed  within,  projects  from  the 
base  of  the  cylindrical  bulb  into  the  interior.  This  tube,  being  co-axial 
with  the  stem  of  the  bulb  and  the  bulb  itself,  serves  for  the  introduc- 
tion of  the  thermo-couple,  the  junction  of  which  may  thus  be  exposed 
at  the  center  of  figure  of  the  bulb.  The  re-entrant  form  of  bulb,  to  which 
I  myself  was  led  in  my  experiments  quite  independently  of  the  almost 
unknown  paper  of  Schinz,  I  regard  essential  to  accurate  and  expeditious 
calibration  work.  Deville  and  Troost6  condemned  bulbs  of  any  other 
than  spherical  form,  though,  it  seems  to  me,  quite  unjustly  and  without 
sufficient  evidence  against  them.  In  thermo-electric  comparisons  the 
chief  end  in  view  is  to  secure  identical  conditions  of  exposure  for  the 
junction  of  the  couple  and  the  bulb  of  the  thermometer;  for  the  errors 
which  result  if  this  identity  does  not  obtain,  are  apt  to  be  much  more 
serious  than  such  as  are  due  to  small  irregularities  of  contraction  of  the 
bulb.  It  does  not  seem  proven,  moreover,  that  a  bulb  will  not  contract 
regularly  if  its  form  is  not  spherical.  Schinz's  bulb  is  a  large  iron  box, 
with  which  fine  measurements  can  not  possibly  be  made.  The  appa- 
ratus, moreover,  is  not  at  all  adapted  to  the  comparison  of  results  ob- 
tained with  different  bulbs,  a  step  which  L  regard  as  essential.  My  bulbs 
are  of  porcelain;  they  may  be  easily  handled  and  exchanged  one  for  an- 
other, and  the  whole  method  of  exposure  is  such  as  to  secure  as  much 

1  Pouillet:  C.  R.,  vol.  3,  1836,  p.  782;  Dingler's  Jour.,  vol.  63,  1837,  p.  221. 

2  Solly :  Philos.  Mag.,  London,  3d  series,  vol.  19,  1841,  p.  391. 
3Regnault :  Relation  des  Experiences,  vol.  1,  Paris,  1847,  p.  246  (1845). 
4 Becquerel:  Ann.  ch.  et  pliys.,  3d  series,  vol.  68,  1863,  p.  49. 

5 Schinz:  Dingler's  Jour.,  vol.175,  1865,  p.  87;  Ibid.,  vol.  179,  1866,  p.  436. 
6 Deville  et  Troost:  C.  R.,  vol.  57,  1863,  p.  897. 
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facility  of  manipulation  as  is  compatible  with  the  character  of  the  ex- 
periment. My  object  has  been  to  place  the  calibration  problem  within 
the  reach  of  the  laboratory  uot  specially  equipped  for  high  temperature 
work,  and  though  I  have  worked  independently,  I  am  glad  to  defer  the 
priority  of  principle  to  Schinz.  In  addition  to  his  air  thermometer 
Schinz  invented  a  torsion  galvanometer  on  the  principle  of  Coulomb's 
torsion  balance,  for  the  measurement  of  thermo  currents.  This  instru- 
ment also  does  credit  to  his  experimental  sagacity.  His  couple  is 
iron-platinum,  having  failed  to  obtain  reliable  data  with  Becquerel's 
platinum-palladium  couple.  Schinz  does  not  give  any  absolute  data, 
and  it  is  easily  seen  that  the  absolute  value  of  results  with  his  bulb 
could  not  lay  claim  to  accuracy.  He  fails,  for  instance,  to  discern  the 
iron  anomalies  of  which  Tait1  subsequently  made  considerable  study. 
Tait's  memoir  is  well  known.  Following  the  suggestion  of  Thomson,2 
Tait  makes  an  elaborate  survey  of  the  diagram  by  which  the  thermo- 
electrics  of  metals  generally  are  to  be  expressed.  For  the  measure- 
ment of  temperature  Tait  uses  a  thermo-couple  of  platinum  and  plati- 
num-iridium  alloy,  and,  so  far  as  I  have  been  able  to  find,  his  researches 
are  the  first  in  which  the  pyrometric  use  of  the  platinum  iridium  alloy 
is  recorded.  I  may  add  here  that  special  attention  to  the  platinum- 
iridium  alloys  seems  first  to  have  been  given  by  Deville  and  Debray,3 
to  whom  we  owe  so  much  of  the  metallurgy  of  the  platinum  group. 

A  special  study  of  the  thermo  electrics  of  platinum-iridium  and  other 
alloys  is  due  to  Knott  and  MacGregor.4  Diagrams  are  investigated  for 
these  alloys,  applying  between  45°  and  400°,  and  for  compositions  as 
high  as  20  per  cent,  of  iridium.  They  also  study  silver  palladium,  iron- 
gold,  and  pi atinum- silver  alloys  with  the  same  ends  in  view.  In  a 
late  research  Knott,  MacGregor,  and  Smith5  determine  the  thermo- 
electrics  of  cobalt.  Having  studied  the  platinum-iridium  alloy  calori- 
metrically,  Le  Chatelier6  suggests  the  occurrence  of  an  allotropic  modi- 
fication of  the  alloy  above  red  heat,  the  behavior  being  the  same  as  that 
shown  by  iron  at  about  700°,  and  between  the  melting  points  of  silver 
and  gold.  Furthermore,  with  the  object  of  checking  the  formulas  of 
Avenarius7  and  Tait,8  Le  Chatelier9  avails  himself  of  the  fusing  points 
of  Violle.  It  appears  that  these  formulas  apply  up  to  a  certain  tempera- 
ture, above  which  (u  brusquement")  a  second  formula  with  new  constants 
is  applicable.     Platinum,  platinum  alloys  of  iridium,  copper  and  rho- 

1  Tait :  Trans.  Royal  Soc.  Edinburgh,  vol.  27,  1872-73,  p.  125. 
2 Thomson:  Philos.  Trans.,  London,  vol.  14G,  1856,  p.  649. 

3Deville  et  Debray:  C.  R.,  vol.  81, 1875,  p.  839;  Cf.  Ann.  ch.  et  phys.,  3d  series,  vol. 
56,  1859,  pp.  431  (indium),  415  (rhodium). 
4 Knott  and  MacGregor:  Trans.  Royal  Soc.  Edinburgh,  vol.  28,  1876-77,  p.  321. 
5K.,  M.,  andS. :  Proc.  Royal  Soc.  Edinburgh,  vol.  9,  1876-77,  p.  421. 
6Le  Chatelier:  Bull.  Soc.  chimique,  Paris,  vol.  45,  1886,  p.  482. 
7 Avenarius:  Pogg.  Ann.,  vol.  119,  1863,  p.  406;  Ibid.,  vol.  149,  1873,  p.  372. 
«Tait:  Trans.  Royal  Soc.  Edinburgh,  vol.  27,  1872-73,  p.  125. 
*Le  Chatelier;  C.  R.,  vol,  102,  1886,  p.  819. 
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dium,  ami  palladium  are  tested,  and  he  finds  that  high  temperature 
measurements  thermo  electrically  made  can  be  relied  upon  to  20°.  "II 
resulte  de  mes  recherches,"  adds  he,  <:quela  loi  d'Avenarius  et  Tait 
continue  a  se  verifier  au-dessus  de  400°  avec  une  approximation  egale 
a  celle  qu'elle  comporte  au  dessous,  jusq'a  une  certaine  temperature 
limite,  variable  avec  la  nature  des  couples  consideres."  The  superior- 
ity of  the  platinum-rhodium  couple1  of  Le  Chatelier's  (which  is  his  special 
contribution  to  thermo-electric  pyrometry)  over  the  iron  platinum  or 
platin-palladinm  couples  is  due  to  greater  homogeneity  of  the  former, 
and  the  fusing  point  calibration  may  be  considered  accurate  within  5° 
C.  In  a  very  full  paper  recently  published,  Le  Chatelier2  shows  that 
the  condemnation  which  was  inflicted  on  Pouillet  and  BecquereFs 
methods  was  thoroughly  unjust.  Believing  the  fusing  and.  boiling 
point  method  of  calibration  to  be  superior  to  direct  comparison  with  the 
air  thermometer,  he  selects  the  series,  H20  (100°),  Pb  (323°),  Hg  (358°), 
Zn  (415°),  S  (448°),  Se  (665°)  Ag  (945°),  Au  (1045°),  Ou  (1054°),  Pd 
(1500°),  Pt  (1775°),  most  of  which  values  are  due  to  Violle  (1.  a). 
Having,  moreover,  given  attention  to  the  errors  due  to  homogeneity  Le 
Chatelier  concludes  with  Becquerel,3 and  many  others4  before  him,  that 
to  make  the  Avenarius-Tait  formula  sufficiently  applicable  it  is  neces- 
sary either  to  add  a  cubical  term  or  else  to  use  two  laws,  one  for  low  and 
the  other  for  high  temperatures.  In  a  final  memoir  Le  Chatelier5  invents 
an  ingenious  method  for  fusing  point  measurement,  and  compares  his 
results  with  those  of  Carnelley  (1.  c).  The  table  given  contains  data  for 
alkaline  and  metallic  chlorides,  cast-irons,  nickle,  etc.,  and  the  paper 
ends  with  an  investigation  of  the  temperature  of  chemical  phenomena 
in  which  heat  is  absorbed  or  disengaged,  or  in  which  the  substances 
undergo  transformation. 

Finally,  I  desire  to  add  that  the  thermo  electric  effect  of  changes  of 
physical  state  and  of  molecular  changes  in  general,  has  not  been  left 
unnoticed.  Obermayer's6  experiments  largely  refer  to  alloys  which 
melt  at  comparatively  low  temperatures.  Tidblom7  investigates  an 
amplified  form  of  the  thermo- electric  equation,  in  which  changes  of  the 
kind  in  question  may  be  allowed  for. 

Electrical  conductivity. — The  measurement  of  temperature  in  terms 
of  electrical  conductivity  was  not  attempted  at  so  early  a  date  as  the 
thermo-electric  methods.  Mliller8  attempted  to  co-ordinate  tempera- 
ture and  resistance  both  for  iron  and  for  platinum,  without,  however, 
more  than  estimating  the  thermal  datum.     A  resistance  thermometer, 

1  Lo  Chatelier:  Bull.  Soc.  chimique,  Paris,  n.  s.,  vol.  47,  1837,  p.  2. 
2Le  Chatelier:  Jour,  de  physique,  vol.  6,  1887,  p.  23. 
3Becquerel:  Aim.  ch.  et  phys.,  Paris,  3d  series,  vol.  68,  1863,  p.  49. 
4Cf.  Moussou  :  Physik,  Zurich,  2d  ed.,  vol.  3,  1874,  p.  384. 
r,Lo  Chatelier:  Bull.  Soc.  chimique,  Paris,  n.  s.,  vol.  47,  1887,  p.  300. 
^Obermayer:  Wien.  Ber.,  vol.  66,  pt.  2,  1872,  p.  63. 
'Tidblom  :  Beibl.,  vol.  1,  1877,  p.  151. 
8MUUor :  Pogg.  Ami.,  vol.  103, 1858,  p.  176 
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suggested  by  Quincke,  was  carried  out  practically  by  Keissig.1  This  is 
simply  a  wheatstone-bridge  adjustment,  not  different  in  any  essential 
respect  from  0.  W.  Siemens's2  pyrometer,  except  in  so  far  as  the  latter 
endeavored  to  calibrate  his  electrical  apparatus  by  the  calorimetric 
method.  Siemens's  pyrometer  is  too  well  known  to  need  special  descrip- 
tion. In  the  final  form,  currents  are  measured  electrolytically,  and  to 
give  the  method  greater  sensitiveness  two  identical  voltameters  to  cor- 
respond to  the  hot  and  the  cold  wires  are  used  simultaneously.  This 
makes  the  apparatus  to  some  extent  independent  of  the  local  and  time 
errors  of  the  galvanometer.  Siemens's  resistance-temperature  measure- 
ments are  made  with  platinum,  copper,  and  iron,  and  the  data  obtained 
are  formulated. 

Siemens's  pyrometers  were  tested  by  Weinhold  (1.  c.)  and  pronounced 
sufficiently  in  keeping  with  the  air  thermometer  to  be  of  reliable  serv- 
ice to  the  metallurgist.  After  this  Forster,3  Williamsen,4  and  Fischer5 
find  that  the  effect  of  long-continued  exposure  of  a  Siemens  pyrometer 
is  an  incremeut  of  the  resistance  of  the  exposed  wire.  Eecalibration 
from  time  to  time  is  therefore  essential.  An  important  series  of  meas- 
urements of  the  relation  between  resistance  and  temperature  was  made 
for  quite  a  number  of  metals  by  Benoit.6  His  temperatures  run  as  high 
as  860°  (boiling  point),  and  all  the  relations  are  formulated.  Iridio- 
platinum  wire  was  tested  with  regard  to  its  resistance  at  15°  and  at 
white  heat  by  Bucknill.7  Formulas  applying  for  silver  platinum,  iron- 
gold,  and  platinum  iridium  alloys  were  computed  with  great  care  and 
from  many  experiments  by  MacGregor  and  Knott  f  but  their  ranges 
of  temperature  did  not  much  exceed  150°.  A  critical  comparison  of  the 
data  of  the  resistance  temperature  formulas  of  Siemens  (1.  c),  Benoit 
(1.  c),  which  apply  for  j)latinum,  was  made  by  Nichols,9  and  the  dis- 
crepancies between  these  results  fully  pointed  out.  Nichols,  moreover, 
expressed  resistance  in  terms  of  his  dilatation  thermometer.  Perhaps 
one  of  the  most  careful  measurements  of  resistance  as  varying  with 
temperature,  and  indeed  the  only  ones  which  to  my  knowledge  were 
made  at  high  temperatures  and  by  direct  comparison  with  the  porcelain 
air  thermometer,  are  due  to  Schleiermacher.10  This  observer  wrapped 
his  wires  directly  around  the  thermometer  bulb  or  exposed  them  in  sim- 
ilar unexceptionable  ways.    Recognizing  the  variable  character  of  ordi- 

1  Reissig :  Dingler's  Jour.,  vol.  171,  1864,  p.  351. 

2 Siemens:  Proc.  Royal  Soc.  London,  vol.  19,  1871,  p. 443.     Dingler's  Jour.,  vol.  198, 
1870,  p.  394 ;  ibid.,  vol.  209,  1873,  p.  419 ;  ibid.,  vol.  217,  1875,  p.  291. 
3 Forster:  Chemical  News,  vol.  30,  1874,  p.  138. 
4 Williamsen:  Dingler's  Jour.,  vol.  210,  1873,  p.  176. 
5  Fischer :  Dingler's  Jour.,  vol.  225,  1877,  p.  463. 
6Be"uoit :  C.  R.,  vol.  76,  1873,  p.  342. 
7  Bucknill :  Jour.  Soc.  Tel.,  Eng.,  vol.  7,  1878,  p.  327. 

8MacGregor  and  Knott:  Trans.  Royal  Soc.  Edinburgh,  vol.  29,  1880,  p.  599. 
9Nichols:  Am.  Jour.  Sci.,  3d  series,  vol.  22,  1881,  p.  303. 
10 Schleiermacher:  Wied.  Auu.,  vol.  26;  1885,  p.  287. 
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nary  platinum,  he  does  not  attempt  to  formulate  his  data.  A  final  and 
more  ambitious  attempt  to  express  the  resistance  of  temperature  rela- 
tion is  due  to  Oallendar.1  Wishing  to  establish  a  strictly  comparable 
standard  of  high  temperature,  he  avails  himself  of  pure  platinum.  This 
he  compares  directly  with  an  air  thermometer  as  far  as  600°.  A  feature 
of  the  experiments  is  the  inclosure  of  the  wires  within  the  bulbs  of  the 
air  thermometer.  Great  care  is  taken  to  guard  against  surface  conden- 
sation of  gas.  Data  are  tabulated.  The  work  enjoys  the  supervision 
of  J.  J.  Thomson. 

From  a  theoretical  point  of  view  the  electrical  conductivity  of  gases 
presents  many-phases  available  for  temperature  measurement.  Experi- 
ments on  the  conductivity  of  hot  gases  are  due  to  Buchanan.2 

I  am  aware  that  Mr.  0.  A.  Perkins,  of  Johns  Hopkins  University,  has 
for  some  time  been  occupied  with  similar  experiments. 

Magnetism. — A  magnetic  thermoscope  was  proposed  by  Thomson,3 
but  it  is  specially  intended  for  low  temperature.  High  temperature 
thermoscopes  of  this  kind  must  obviously  fail  from  the  irregularity  of 
the  magnetic  behavior  of  metals  at  high  temperatures. 

Interpolation  methods, — Methods  of  this  kind  are  of  the  utmost  service 
and  have  been  much  in  use.  In  the  case  of  a  furnace,  whose  tempera- 
ture is  increasing  or  decreasing  regularly,  a  given  unknown  tempera- 
ture may  be  fixed  between  two  known  temperatures  by  time-inter- 
polation. The  two  or  three  known  temperatures  between  which  the 
unknown  data  lie  may  be  convenient  fusing  points,  sufficiently  near 
together  to  make  linear  or  quadratic  interpolation  practicable.  Carnel- 
ley4  and  others  have  made  much  effective  use  of  methods  of  this  kind. 

ADVANTAGES  OF  THERMO-ELECTRIC  PYROMETRY. 

Having  thus  indicated  the  chief  methods  of  pyrometry  so  far  em- 
ployed, it  next  behooves  me  to  state  clearly  in  what  respect  the  thermo- 
electric method  deserves  preference  before  all  others.  To  do  this  I  must 
reiterate  the  point  of  view  already  emphasized  in  the  preface  and  from 
which  the  greater  part  of  the  present  volume  has  been  written.  It  is 
my  belief  that  before  important  steps  in  most  subjects  directly  bearing 
on  dynamical  geology  can  be  made,  our  methods  of  high  temperature 
measurement  and  of  high  pressure  measurement  must  first  be  facilitated. 
Moreover,  the  solutions  to  be  given  to  the  thermal  and  to  the  mechan- 
ical problems  must  be  such  that  the  high  temperatures  may  be  measured 
under  conditions  of  high  pressure,  and  conversely. 

When  temperature  measurements  are  to  be  made  under  these  almost 

1  Callendar :  Proc.  Royal  Soc.  London,  vol.  41,  1886,  p.  231, 

2  Buchanan:  Philos.  Mag.,  London,  vol.  24,  1887,  p.  287.  The  subject  is  now  being 
vigorously  discussed;  but  there  is  no  space  for  further  references  here.  (Schuster, 
Blondlot,  Elster  u.  Geitl,  and  others.) 

3 Thomson:  Proc.  Royal  Soc.  Edinburgh,  vol.  10,  1880,  p.  538. 
*  Camelley :  Jour.  Chem.  Soc.  London,  vol.  1,  1877,  p.  365. 
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insuperable  difficulties,  the  kinds  of  pyrometers  available  dwindle  down 
to  a  very  small  number.  Indeed,  the  thermo  couple  is  almost  the  only 
instrument  of  research  left.  It  is  therefore  most  encouraging-  to  find 
that,  for  purposes  of  high  temperature  measurement  in  general,  the 
thermo-couple  can  be  made  to  yield  results  which,  apart  from  practical 
conveniences  and  easy  manipulation,  are  warrantably  as  accurate  as 
any  known  to  us.  I  will  summarize  the  advantages  here  in  question 
as  clearly  as  I  can,  so  that  they  may  be  referred  to  in  the  bulk  of  the 
work: 

1.  Barring  a  few  corrections,  the  thermo-couple  of  known  properties 
is  available  for  temperature  measurement  under  all  pressures.  The  cor- 
rections implied  are  those  which  become  necessary  in  consequence  of  the 
changes  of  thermoelectric  property  with  pressure;  but  these  changes 
are  slight  and  quite  negligible  in  comparison  with  the  thermal  sensi- 
tiveness of  the  couples. 

2.  The  temperature  at  the  hot  junction  is  dependent  on  the  tempera- 
ture at  the  cold  junction  and  the  constants  of  the  couple  only.  It  is 
independent  of  the  distribution  of  temperature  in  the  parts  of  the  couple 
between  the  junctions.  This  is  a  great  practical  advantage,  the  impor- 
tance of  which  is  realized  when  temperature  is  to  be  measured  under 
pressure. 

3.  The  thermo  couple  is  capable  of  measuring  temperature  when  the 
dimensions  of  the  hot  space  scarcely  exceed  a  physical  point.  Small 
zones  of  constant  temperature  and  relatively  small  apparatus  for  heat- 
ing are  therefore  sufficient  for  thermal  comparisons  of  relatively  great 
accuracy.  In  this  respect  the  thermo-couple  deserves  preference  to 
the  resistance  thermometer,  particularly  when  material  fusible  witli 
great  difficulty  is  operated  upon. 

4.  The  upper  limit  of  temperature  measurement  is  practically  infinite, 
aud  lies  much  above  the  melting  point  of  platinum;  for  by  using  re- 
fractory alloys  of  platinum,  iridium,  rhodium,  and  inclosing  wires  of 
these  metals  in  tubes  of  calcined  lime,  distinct  and  powerful  thermo- 
electric effects  are  obtained  even  when  the  contents  of  the  tubes  are 
fused. 

5.  The  electromotive  forces  of  suitable  thermo-couples  are  easily  meas- 
urable with  an  accuracy  of  1  in  1,000.  Almost  with  the  same  accuracy 
may  the  indications  observed  at  the  beginning  of  any  year  be  compared 
with  those  at  the  beginning  of  the  next  or  any  other  subsequent  time. 
The  secular  errors  of  a  thermo-electric  pyrometer,  when  properly  cared 
for,  need  not  be  larger,  relatively,  than  the  secular  errors  of  a  mercury 
thermometer. 

6.  Many  couples  are  known  which,  in  addition  to  the  desideratum 
of  thermal  sensitiveness,  possess  great  tenacity  and  ductility,  and  are 
unalterable  under  ordinary  conditions  of  heating. 

7.  The  thermal  indications  are  as  nearly  as  possible  instantaneous, 
and  the  discrepancy  of  the  lag  error  is  therefore  a  minimum  or  nil. 
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8.  In  view  of  the  facts  summarized  in  2,  insulation  of  the  wires  is  not 
difficult  even  when  the  couple  is  to  be  used  under  pressure.  This  does 
not  apply  in  case  of  the  resistance  thermometer. 

9.  When  destroyed  by  silicificatiou  or  metallic  corrosion  the  thermo- 
couple may  easily  be  purified  by  fusing  it  over  again  on  a  lime  hearth 
and  drawing  to  wire.  With  good  metal  the  variation  of  constants  thus 
produced  is  almost  negligible. 

10.  Finally,  the  thermo-couple  has  this  important  property,  that 
between  temperatures  lying  not  too  far  apart  (100°  to  200°)  any  inter- 
mediate temperature  may  be  interpolated  with  great  accuracy  by  the 
quadratic  equation  devised  by  Avenarius  and  Tait,  and  such  interpo- 
lation, curiously  enough,  seems  to  be  more  trustworthy  in  proportion  as 
temperature  increases  above  the  regions  of  incipient  red  heat.  It  is  this 
property  which  specially  recommends  the  thermo-couple  for  the  meas- 
urement of  relatively  very  small  increments  of  temperature  added  to 
relatively  large  temperatures,  possibly  under  conditions  of  high  pres- 
sure, as  is  the  case,  for  instance,  in  investigation  relating  to  melting 
point  and  pressure  of  solids. 

To  use  the  thermo-element  it  is  necessary  to  find  the  thermal  equiva- 
lent of  the  electromotive  force  for.  all  temperatures  of  the  junctions. 
This  is  at  present  possible  only  by  making  detailed  comparison  with  the 
air  thermometer.  An  experimental  problem  of  some  difficulty  is  thus 
encountered  at  the  outset.  Inasmuch  as  the  measuring  part  of  a  thermo- 
couple is  not  much  more  than  a.  sensitive  point,  and  the  corresponding- 
part  of  the  air  thermometer  is  a  sphere  of  relatively  enormous  dimen- 
sions, it  is  not  easy  to  devise  an  environment  which  at  temperatures 
high  and.  low  shall  be  thermally  identical  for  both.  When  temperature 
varies,  the  indications  of  the  air  thermometer  necessarily  lag  behind 
those  of  the  thermo-element.  It  is  therefore  one  of  the  chief  purposes 
of  the  present  volume  to  devise  a  method  such  that  the  observed  indi- 
cations of  air  thermometer  and  thermo-element  may  be  rigorously  equiv- 
alent; in  other  words,  to  carry  forward  the  methods  of  calibration  to  a 
degree  of  perfection  subject  only  to  the  improvement  of  the  air  ther- 
mometer. I  hope  in  some  future  publication  to  show  the  feasibility  of  a 
fire-clay  air  thermometer  which  will  be  available  for  temperature  meas- 
urement much  above  those  at  which  porcelain  becomes  too  viscous  for 
further  use;  but  in  much  of  the  present  volume  the  object  is  less  to  de- 
vise new  methods,  than  to  bring  the  old  ones  more  within  the  scope  of 
easy  application  than  has  hitherto  been  done.  However,  in  Chapter 
V  I  submit  a  new  method  of  pyrometry. 

In  calibrating  thermo-couples  I  make  use  of  two  methods.  The  first 
of  these  is  preliminary.  The  measurements  made  are  based  on  known 
values  of  high  boiling  points.  The  second  method,  however,  is  a  direct 
calibration  with  the  air  thermometer.  In  this  way  I  arrive  at  an  ulti- 
rior  result;  for  a  comparison  of  the  two  sets  of  data  thus  obtained  is 
to  some  extent  a  criterion  of  the  degree  of  accuracy  with  which  thermal 
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data  in  the  regions  of  high  temperature  are  known.  Beyond  this  inci- 
dental result  I  do  not  attempt  to  fix  the  absolute  value  of  any  high  tem- 
perature datum.  To  do  this  it  is  not  only  necessary  to  expend  *more 
time  than  I  have  now  at  my  disposal,  but  it  is  expedient  that  the  ob- 
server be  specially  equipped  for  the  purpose.  In  the  problems  of  this 
volume,  on  the  other  hand,  where  the  end  chiefly  in  view  is  the  trial  of 
available  methods  rather  than  the  investigation  of  new  and  accurate 
results,  such  equipment  is  superfluous.  In  one  case  the  variables  of 
the  thermal  apparatus  selected,  including  of  course  the  limits  of  varia- 
tion of  its  constants,  are  chiefly  to  be  studied ;  in  the  other  case  addi- 
tional time  and  pains  must  be  spent  in  the  absolute  evaluation  of  the 
constants  themselves. 
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CHAPTEE   I. 

THE  DEGREE  OF  CONSTANT  HIGH  TEMPERATURE  ATTAINED  IN 
METALLIC  VAPOR  BATHS  OF  LARGE  DIMENSIONS. 

By  C.  Barus  and  W.  Hallock. 

EXPLANATION. 

The  general  character  of  this  chapter  is  introductory.  The  experi- 
ments are  therefore  largely  arranged  with  reference  to  a  single  point  of 
view,  viz,  the  degree  of  constancy  attainable  in  metallic  vapor  baths 
at  temperatures  either  high  or  low.  To  secure  this  end  we  profited  by 
the  experience  of  Messrs.  Deville  and  Troost,  who  recommend  the  use  of 
large  masses  of  metal,  and  consequently  large  forms  of  boiling-point 
apparatus.  The  advantages  gained  in  this  way  are  twofold.  It  is  ob- 
vious that  if  the  quantity  of  substance  used  is  indefinitely  large,  not 
only  may  the  ebullition  be  prolonged  for  a  considerable  time — a  great 
desideratum  when  many  pyrometers  are  to  be  calibrated — but  in  the 
same  measure,  as  the  volume  of  vapor  and  consequently  the  space  of 
constant  temperature  is  larger,  the  probability  of  constant  temperature 
at  any  one  central  point  is  proportionately  increased. 

There  is,  however,  a  second  point  of  view  from  which  the  present  ex- 
periments have  been  pursued.  The  questions  to  which  this  leads  us 
do  not  conflict  with  the  main  purpose  of  the  chapter.  They  are  inti- 
mately connected  with  the  thermal  equivalents  of  the  thermo-electric 
indications  of  small  temperature  variations  upon  which  many  of  the 
following  data  must  be  based.  The  refractory  alloys  best  adapted  for 
measurements  of  high  temperature  are  invariably  of  platinum  body,  in 
which  relatively  small  amounts  of  the  foreign  metallic  ingredient, are 
added  to  platinum.  This  will  be  seen  more  fully  below.  Now  it  ap- 
pears that  alloys  containing  platinum  and  the  other  metal  mixed  in 
nearly  equal  amounts  are  either  brittle  or  otherwise  unsuited  for  wires. 
Often  the  second  ingredient  is  of  a  relatively  volatile  or  oxidizable 
kind.  Escaping  at  high  temperatures,  this  gives  rise  to  changes  of 
homogeneity  or  even  of  composition.  Fortunately  it  is  not  difficult  to 
find  low  percentage  platinum  alloys,  which,  when  combined  with  pure 
platinum  thermo-electrically,  show  electromotive  forces  so  large  that  no 
difficulties  of  measurement  can  be  apprehended.  In  fact  the  purely 
electrical  measurement  is  a  part  of  the  problem  which  may  be  solved 
with  extreme  nicety. 
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Having  these  desirable  properties  of  many  platinum  alloys  in  mind, 
it  is  a  natural  step  in  the  argument  to  inquire  into  the  nature  of  re- 
fractory alloys  of  platinum  with  gradually  vanishing  amounts  of  other 
metals  or  alloys.  Given,  for  instance,  a  series  of  thermo-couples,  one 
element  in  all  of  which  is  platinum  and  the  other  element  an  alloy  of 
platinum  in  which  the  foreign  ingredient  diminishes  from  element  to 
element  in  given  small  amounts.  The  limiting  case  of  such  a  series  is 
a  thermoelement  of  pure  platinum  thermo-electrically  combined  with 
pure  platinum.  Now,  a  priori,  it  does  not  seem  improbable  that  the 
series  may  possess  certain  properties  in  common,  from  the  totality  or 
grouping  of  all  of  which  the  properties  of  the  thermo-couple  platinum- 
platinum  may  be  warrantably  predicted,  and  that  therefore  thermo- 
electric measurement  may  actually  be  made  by  the  limit  couple  platinum- 
platinum  iu  question.  The  interest  which  attaches  to  any  such  endeavor 
is  naturally  enhanced  by  the  fact  that  the  said  limit  couple  is  possibly, 
though  not  necessarily,  the  point  of  convergence  of  any  other  series  of 
alloys.  In  general,  if  any  number  of  series  of  platinum  alloys  be  made, 
in  each  of  which  series  platinum  is  alloyed  with  small  quantities  of  the 
same  foreign  metal,  in  amounts  which  diminish  from  alloy  to  alloy  as 
far  as  zero ;  if,  moreover,  the  individual  members  of  the  divers  series 
in  question  be  thermo-electrically  combined  with  pure  platinum,  then 
it  is  not  impossible,  inasmuch  as  the  thermo-electric  properties  of  all 
the  series  converge  in  the  thermo-electric  properties  of  the  element  pla- 
tinum-platinum, that  a  reduction  of  all  thermo-electric  data  to  this  limit 
couple  may  be  feasible.  We  state  distinctly  that  the  identity  of  the 
limit  couple  for  all  series  is  a  possible  case.  It  is  not  a  necessary  case, 
for  the  interpretation  to  be  given  to  the  limit  couple  may  be  different 
for  each  of  the  divers  series  which  converge  in  it.  Again,  since  the 
thermo-electrics  of  an  alloy  bear  no  easily  discernable  relation  to  the 
thermo-electrics  of  its  ingredients,  it  follows  that  the  said  interpreta- 
tion is  far  from  being  simple,  and  that  the  question  at  issue  is  one 
which  must  be  solved  experimentally. 

APPARATUS. 

Remarks. — The  construction  of  apparatus  for  obtaining  spaces  of 
practically  constant  temperatures  is  a  step  introductory  to  all  experi- 
ments in  thermometry.  It  is  important  and  even  necessary,  moreover, 
that  the  temperature  be  of  the  nature  of  a  fixed  datum;  in  other  words, 
that  it  have  always  the  same  value  under  like  easily  reproducible  cir- 
cumstances, whether  this  value  be  known  or  unknown.  To  obtain 
such  constant  temperatures  use  has  always  been  made  of  the  boiling 
points  of  liquids;  and  boiling  points  conveniently  disposed  in  the  tber- 
mometric  scale  are  at  hand  for  selection,  in  the  results  of  many 
observers.1    More  especially  for  the  high  temperatures  we  are  indebted 

!Cf.  Carnelley:  Melting  and  Boiling-Point  Tables;  Landolt  and  Boernstein:  Physi- 
kalisch-chemische  Tabellen,  etc. 
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to  the  classical  researches  of  Messrs.  Deville  and  Troost.  Availing 
ourselves  of  these,  we  adopt  vapor  baths,  and  in  the  present  chapter 
uniformly  adhere  to  them,  all  the  temperatures  chosen  for  calibration 
or  definite  comparison  being  boiling  points. 

With  the  exception  of  certain  forms  of  bath  for  boiling  points  below 
100°,  our  apparatus  consists  essentially  of  a  closed  crucible  provided 
with  an  axial  tube  for  the  efflux  of  vapor.  This  tube  projects  inward 
or  upward  as  far  as  the  center  of  figure  of  the  crucible,  and  downward 
through  the  bottom,  of  which  it  is  a  part.  Distillation  therefore  takes 
place  per  descensum,  through  the  tube,  and  the  surface  of  the  surround- 
ing boiling  liquid  is  kept  as  nearly  as  possible  at  constant  level  as 
regards  its  position  in  the  crucible.  In  the  case  of  low  boiling  points 
this  apparatus  is  made  of  metal  and  appropriately  jacketed.  For  high 
boiling  points,  crucibles  of  graphite  or  of  clay  are  preferable.  In  the 
interior  of  the  central  tube  and  near  the  center  of  figure  of  the  cruci- 
ble the  temperature  is  satisfactorily  constant.  Here,  therefore,  is 
placed  the  essential  part  or  u  explorer"  of  the  pyrometer  to  be  calibrated. 
It  is  thus  exposed  in  the  current  of  vapor  circulating  through  the  tube, 
the  walls  of  which  are  permanently  kept  at  the  boiling  point  by  the , 
boiling  liquid  surrounding  them.  In  this  way  a  comparatively  simple 
form  of  apparatus,  available  at  all  temperatures,  both  high  and  low, 
retains  all  the  essential  features  of  the  ordinary  boiling  point  apparatus  ; 
and  it  is  only  for  very  low  temperatures  ( <  100°)  that  a  special  form  is 
expedient. 

Low  boiling  points. — To  describe  in  passing  this  form  of  apparatus 
for  low  temperatures  ( <  100°),  we  insert  Fig.  1,  in  which  the  position 
of  the  thermoelement  is  indicated  by  t  a  T.  The  cold  junction  t  is 
kept  at  constant  and  comparatively  low  temperature  by  water  com- 
ing directly  from  the  water  mains  and  continually  circulating  around 
it*  This  cold  water  is  further  used  in  condensing  the  vapor  after  cir- 
culating around  the  hot  junction  T.  A  glance  at  the  cut  will  make 
the  disposition  clear.  Water  enters  at  w  and  vapor  at  v,  and  after 
passing  around  the  junctions  t  and  T,  respectively,  they  enter  the  con- 
denser, diagrammatically  shown  at  cc,  the  water  entering  an  external 
compartment  and  the  vapor  an  internal  compartment.  The  condensed 
vapor  is  at  once  refed  into  the  boiler  or  flask,  thus  enabling  the 
observer  to  use  this  apparatus  quite  as  long  as  desirable  without  inter- 
ruption. At  the  cold  end  of  the  condenser  the  inner  tube  is  in  commu- 
nication with  the  air.  Ebullition  thus  takes  place  under  atmospheric 
pressure.  The  apparatus  is  available  for  experiments  with  ether,  methyl 
alcohol,  alcohol  and  water.  It  fails,  so  far  as  practical  convenience  is 
concerned,  for  aniline,  etc.,  because  of  the  difficulty  encountered  both 
in  conveying  the  vapor  into  it  from  the  boiler  without  condensation, 
and  because  of  the  corrosive  action  of  such  vapors  on  the  corks  and  rub- 
ber tubing  of  the  apparatus.    If  made  of  a  single  piece  of  glass  it  is 
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too  liable  to  break  at  the  fused  joints.     In  the  form  used  the  tubes  v  T 
and  tot  were  about  25cm  long  and  about  2.5cm  wide. 


Fig.  1.  Apparatus  for  constant  temperature  between  0°  and  100°.    Scale,  $. 

Boiling  points  between  100°  and  300°. — In  Fig.  2  we  give  a  form  of  ap- 
paratus constructed  on  the  typical  plan  indicated  above,  and  which  is 
adapted  to  temperature  between  100°  and  300°.  It  consists  essentially 
of  a  large  sphere,  A  A  A,  of  copper,  25cm  in  diameter,  the  joints  of  which 
are  brazed. 

Through  the  bottom  of  this  a  somewhat  conical  central  tube,  d  d,  pro- 
jects into  the  interior  as  shown,  the  tube  communicating  below  with  an 
iron  gas-pipe,  efg  h,  leading  to  the  condenser.  The  neck  or  head,  fc,  of 
the  spherical  copper  bottle  is  in  connection  with  a  wide  glass  tube,  1c  m, 
kept  in  place  by  a  gallows  adjustment,  the  top  of  which,  m,  is  of  iron 
and  provided  with  two  lateral  steel  rods  or  bolts.     These  being  fastened 
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below  to  a  wide  flange  in  the  neck  fr,  secure  the  tube  by  screw  pressure 
between  the  head  m  and  the  flange  of  h  It  is  often  convenient  to  use 
gaskets  of  asbestos  or  any  other  kind  of  packing  at  the  upper  and  lower 
end  of  the  tube.  The  head  m,  moreover,  is  in  communication  with  the 
condenser  by  means  of  the  lateral  tube  of  gas  pipe,  m  n  o  g.  Hence  the 
vapor  arising  from  the  surface  of  boiling  liquid,  a  a,  can  escape  either 


Pig.  2.  Apparatus  for  constant  temperature  between  100°  and  300°.    Scale,  TV 

above  or  below,  and  the  respective  circulations  are  regulated  by  a 
faucet,/.  We  found,  however,  that  in  case  of  corrosive  or  hot  liquid,  / 
soon  begins  to  leak,  and  that  it  is  advantageous  to  partially  stop  up  the 
lower  passage  by  a  ball  suspended  in  the  cone  d  d  from  a  platinum 
wire  passing  through  Jc  m  I.  In  this  way  the  use  of  the  cock  /  may  be 
avoided. 

To  heat  the  sphere  A  A  A  we  used  a  large  ring  burner,  B  B,  about 
22cm  in  diameter  and  provided  on  its  inner  surface  with  130  jet  boles, 
0.15cm  each  in  diameter.  This  ring  burner  was  so  made  that  it  could 
be  used  either  with  or  without  blast,  according  as  temperatures  relatively 
low  or  high  were  to  be  obtained.  Its  position  is  adjustable  at  pleasure 
by  a  clamp  attached  to  the  standard  G  C.  Another  clamp  attached  to 
the  standard  D  D  acts  as  a  safeguard  against  lateral  vibrations  of  the 
sphere  AAA,  the  main  weight  of  which  is  supported  by  the  exit  pipe 
d  ef  to  the  upper  end  of  which  it  is  screwed.  A  final  clamp  and  stand- 
ard, E  r,  facilitates  the  adjustment  of  the  exit  pipe  o  n  m.  The  sphere 
is  provided  with  a  feed  pipe,  q  g,  and  an  appropriate  gauge,  p  p,  to 
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register  the  height  of  the  liquid.  The  capacity  of  the  retort  is  about 
one  gallon  of  liquid.  If  the  liquid  be  fed  in  drops  from  a  Mariotte  flask, 
F,  no  interruption  of  ebullition  need  take  place, 

In  the  apparatus  given  in  the  figure  a  space  of  constant  temperature 
nearly  3cm  wide  and  fully  60crn  long  is  available.  If  the  ring  burner 
be  so  adjusted  that  the  ebullition  is  fairly  brisk  the  temperature  within 
this  space  is  almost  perfectly  constant.  For  relatively  high  temperatures 
it  is  generally  advisable  to  discard  the  glass  tube  Jc  m,  and  to  close  the 
neck  with  a  plate  of  metal  suitably  perforated  to  allow  the  introduction 
of  thermo-couples.  In  general,  however,  the  large  tubular  space  is  con- 
venient both  for  the  comparison  of  long-stemmed  mercury  thermometers 
and  for  the  further  comparison  of  electrical  pyrometers  with  them. 

We  omit  special  data  relative  to  the  degree  of  constant  temperature 
here  obtained,  because  it  is  questionable  whether  at  these  relatively 
low  temperatures  the  use  of  large  forms  of  vapor  baths  is  to  be  recom- 
mended, and  because  none  of  the  data  of  importance  below  depend 
upon  the  perfection  of  the  large  retort  here  described.  In  Chapter  II 
data  for  smaller  forms  are  fully  given,  and  from  these  the  efficiency  of 
the  larger  forms  may  easily  be  inferred. 


Fig.  3.  Boiling-point  apparatus  for  mercury.    Scale,  TV 

Apparatus  for  mercury. — The  boiling-point  apparatus  just  described 
is  useful  for  substances  boiling  at  a  lower  temperature  than  mercury 
when  constancy  of  boiling  point  can  not  be  accurately  relied  upon. 
Such  substances  are  mostly  of  organic  kind,  and  are  apt  to  change 
their  properties  slightly  after  long  ebullition.  It  is  for  this  reason  that 
the  mercury  thermometer  remains  indispensable.  When,  however,  the 
boiling  point  is  fixed  and  known,  like  that  of  mercury  or  sulphur,  the 
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apparatus  and  the  manipulations  may  be  simplified.  A  form  of  vapor 
bath  specially  adapted  to  mercury  calibrations  is  given  in  Fig.  3,  one- 
tenth  actual  size.  The  boiler  or  retort  A  A  A  is  of  cast-iron,  and  is  a 
modified  form  of  the  well-known  mercury  still  of  the  shops.  By  drill- 
ing a  hole  through  the  bottom  and  tapping  into  it  a  long  nipple,  the 
central  tube  d  d  may  be  screwed  down  firinty  in  position.  The  nipple 
communicates  below  with  a  long  tube  of  gas  pipe,  efg,  leading  to  the 
condenser.  The  crucible  A  A  A  is  closed  above  by  a  fiat  lid,  the  edge 
of  which  as  well  as  the  rim  of  the  crucible  has  been  carefully  turned, 
and  is  held  in  place  by  a  stout  gallows  connection  not  shown  in  the 
figure,  Through  the  center  of  the  lid  passes  a  smaller  iron  tube,  h  t, 
the  lower  end  of  which  is  closed  and  projects  into  the  central  tube  d  d, 
somewhat  below  the  level  a  a  of  the  surrounding  mercury.  It  is  into 
the  tube  h  t  that  the  hot  junction  of  the  thermoelement  is  to  be  intro- 
duced as  far  as  the  base  of  the  tube.  A  lateral  tube,  b  Jcl  n,  largely  of 
iron,  subserves  the  purpose  of  replacing  the  mercury  lost  by  evapora- 
tion, and  communicates  with  a  larger  reservoir,  B  B,  in  which  the  mer- 
cury is  practically  at  the  same  level,  m  m,  as  in  A  A.  Hence  the  level 
in  B  B  is  to  some  extent  a  gauge  of  the  level  in  A  A.  A  supply  reser- 
voir, G  (7,  enables  the  operator  to  keep  m  m  at  constant  height.  To 
keep  up  the  ebullition  we  made  use  of  a  kind  of  ring  burner,  consisting 
of  three  distinct  blast-burners  symmetrically  placed  around  the  crucible, 
the  flames  impinging  upon  its  sides.  In  this  way  full  advantage  was 
taken  of  the  current  of  air  furnished  by  Professor  Eichards's  pneumatic 
pump.  The  operation  of  boiling  may  therefore  be  prolonged  indefi- 
nitely. 

In  the  tables  below  we  give  a  series  of  results  by  which  the  con- 
stancy of  temperature  attained  during  the  successive  stages  of  improve- 
ment of  this  apparatus  is  fully  exhibited.  These  results  will  show  that 
variations  in  the  disposition  of  parts  is  by  no  means  without  conse- 
quence. 

Boiling  point  of  zinc. — The  construction  of  apparatus  first  used  was 
carried  out  by  Mr.  Hallock,  and  to  him  the  following  description  is  due: 

In  our  earlier  experiments  an  attempt  was  made  to  use  the  large  clay 
retorts  of  the  shops,  but  after  some  trials  we  abandoned  them  in  favor 
of  the  special  forms  of  retort  now  to  be  described. 

Having  in  mind  the  form  aud  operation  of  the  ordinary  apparatus  for 
checking  the  boiling  points  of  thermometers  a  retort  was  constructed 
with  a  view  to  surrounding  the  thermo-element  with  a  double  jacket  of 
the  vapor  in  question.  It  soon  became  evident  that  the  simpler  forms 
were  useless,  owing  to  the  condensation  of  the  vapors  and  the  clogging 
of  the  outlets.  We  were  thus  led  after  trials  of  several  other  simpler 
forms,  to  test  the  arrangement  shown  in  Fig.  4  and  constructed  as 
follows : 

(716) 


DARU6.] 


DEGREE    OF    CONSTANT    TEMPERATURE. 


63 


JTiLrna.ce  ?KzZZ. 


U 


1717) 


64  MEASUREMENT  OF  HIGH  TEMPERATURES. 

The  cylindrical  reservoir,  or  retort  proper,  shown  at  A,  Fig.  4,  was 
made  by  screwing  cast  iron  caps  N  JV,  (7  0,  upon  the  ends  of  a  piece 
of  iron  pipe  6  inches  long  and  6  inches  in  diameter.  A  piece  of  1-inch 
iron  pipe,  2),  fitted  in  the  upper  cap  0  0,  and  extended  upward  to  an 
elbow,  F,  and  similar  pipe,  B,  which  latter  passed  out  through  the  side 
wall  of  the  anthracite  furnace  at  0  0.  Thence  the  pipe  B  extends 
through  the  J  at  J  J,  18  inches,  into  the  iron  pipe  H  27,  which  is 
screwed  into  the  other  end  of  the  T.  The  third  opening  of  the  T  is 
fitted  with  the  short  outlet  pipe  2l,  1  inch  in  diameter.  A  cap,  G, 
closes  the  whole  apparatus  except  the  outlet  at  K.  A  small  iron  pipe, 
F  F,  passing  through  the  cap  G,  and  extending  15  inches  into  the 
interior  tube  B  2>,  and  closed  at  its  inner  end  was  intended  to  receive 
the  thermo-element.  A  perforated  tube  burner,  L  LL,  Fletcher  system, 
placed  beneath  the  pipe  R  27,  was  intended  to  prevent  the  solidification 
of  the  metal  therein  and  consequent  stoppage  of  the  circulation  of  vapor. 
We  hoped  to  be  able  with  this  apparatus  to  obtain  a  region  of  constant 
temperature  in  the  inner  end  of  the  tube  F,  which  would  be  surrounded 
by  two  distinct  jackets  of  the  vapor  of  zinc.  We  expected  the  action 
to  be  as  follows : 

The  vapor  rising  from  the  boiling  zinc  in  the  retorts,  to  pass  through 
2)  and  B  B,  out  past  the  end  of  F,  out  of  the  end  of  B  into  H  27, 
thence  backward  through  27,  and  out  at  2T,  either  still  in  the  state  of 
a  vapor  or  condensed  to  a  liquid  in  27. 

Two  difficulties  made  the  apparatus  impracticable.  Whereas  melted 
zinc  or  zinc  vapor  has  little  or  no  solvent  effect  upon  iron,  still  zinc  just 
at  the  boiling  surface  or  at  the  point  of  condensation  of  the  vapor  does 
dissolve  iron  in  considerable  quantities.  This  action  of  the  boiling  zinc 
soon  eats  through  the  iron  walls  of  the  retort  and  makes  the  whole  ap- 
paratus very  short  lived.  Moreover,  the  spontaneous  combustion  of 
zinc  vapor  on  coming  to  the  air  inevitably  results  in  stopping  up  the 
outlet,  causing  the  destruction  of  the  apparatus.  These  objections,  to- 
gether with  other  minor  ones,  led  to  the  abandoning  of  this  form  and 
ultimately  of  all  forms  constructed  on  a  similar  principle. 

The  principle  next  applied  was  that  of  downward  distillation  through 
the  bottom  of  the  crucible,  a  system  that  had  already  proved  very  good 
for  mercury  and  some  other  substances,  and  which  has  been  touched 
upon  in  an  earlier  part  of  this  chapter. 

The  particular  form  ultimately  constructed  is  shown  in  vertical  cross- 
section  in  Fig.  6  and  in  vertical  longitudinal  section  in  Fig.  5.  In  this 
case  the  furnace  formed  an  essential  part,  and  was  constructed  simulta- 
neously and  as  part  of  the  whole.  It  covered  5  x  3  J  feet  on  the  floor  and 
stood  5  feet  high.  It  was  built  of  brick,  lined  with  fire-brick,  on  the 
double-reverberatory  principle,  entirely  symmetrical.  Each  side  was 
provided  with  a  fire-box,  A  (Fig.  5),  a  grate,  0,  ash-box,  B,  ash-door,  O, 
blast  inlet,  Q,  and  fire-box  door  at  2>.    The  zinc  was  contained  in  the 
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graphite  crucible  F  F,  which  was  14  inches  high,  11  inches  in  largest 
diameter,  and  §  inch  thick.  The  graphite  cover  MM  was  luted  on  with- 
a  paste  of  powdered  graphite  and  water.  Through  the  cover  M  M  the 
iron  tube  L  passed,  extending  downward  into  the  crucible  and  closed 
at  its  lower  end.  An  iron  pipe,  G,  1J  inches  in  diameter,  passed  up 
through  the  bottom  of  the  crucible  about  6  inches,  carrying  the  fire- 
clay spherical  shell  K  K,  and  protected  by  a  coating  of  lire-clay,  I L 


Fig.  5.  Boiling-point  furnace  for  zinc;  later  form;  longitudinal  section.    Scale,  ^. 


Underneath  the  crucible  a  inece  of  stone-ware  pipe,  6  inches  in  diam- 
eter, N  N,  was  built  into  the  furnace  concentric  with  the  crucible  and 
extending  15  inches  below  it.  In  practice  this  pipe  N N dips  just  below 
the  surface  of  the  water  in  a  tank  placed  between  the  two  fire-boxes 
A  A.  and  not  shown  in  the  drawing. 
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Fig.  6  shows  a  vertical  section  through  the  axis  of  the  crucible  at 
right  angles  to  that  shown  in  Fig.  5.  The  lettering  in  each  case  is  the 
same.  U  and  Fare  the  supporting  arch  between  the  two  fires,  and  T  T 
are  flues  to  carry  off  the  products  of  combustion.  E  H  is  the  top  of 
the  furnace,  &  8  are  supporting  columns,  W  is  the  entrance  of  the 
"blast,  and  P  the  wind-box  opening  into  the  fires  by  Q  Q,  shown  on  Fig.  5. 


Fig.  6.  Boiling-point  furnace  for  zinc ;  later  form  ;  cross  section.    Scale,  -^. 

The  fuel  used  in  this  furnace  was  anthracite  coal  with  a  blast  furnished 
by  a  20-inch  fan-blower,  the  ash-box  door  being  of  course  closed  during 
operation.  The  flames  from  the  fire  rising  through  the  space  E  E  im- 
pinged upon  the  crucible  and  passed  thence  off  by  the  flues  T  T.  In 
practice  it  was  found  that  by  applying  fresh  fuel  in  small  quantities 
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alternately  to  the  two  furnaces  at  regular  intervals  (ten  minutes)  a  com- 
paratively constant  condition  could  be  maintained  until  the  accumula- 
tion of  ashes  interfered  with  the  draft.  The  furnace  performed  its 
part  of  the  work  satisfactorily,  but  from  the  large  dimensions  at  least 
one  day  was  necessary  to  repair  damages  and  prepare  for  a  new  "heat," 
and  sometimes  several  days  were  necessary  to  get  the  crucible  cleaned 
and  ready  again. 

The  crucible  was  filled  with  pieces  of  zinc  and  the  powder  and  grains 
from  previous  distillings,  mixed  with  powdered  charcoal  as  a  reducing 
agent.  The  cover  was  luted  on  as  stated,  and  the  tank  placed  under 
the  stone  pipe  N  N.  In  operation  the  vapor  from  the  boiling  metal 
rose  around  the  sphere  K  and  passed  through  holes  into  it,  and  down 
through  Or  into  1ST  N,  where  it  condensed  and  fell  into  the  water,  thus 
keeping  the  pipe  L  and  the  thermo-element  contained  therein  at  a 
comparatively  constant  temperature.  The  degree  of  constancy  actually 
attained  will  be  fully  discussed  later.  Even  iu  this  apparatus  the  burn- 
ing of  the  vapor  proved  a  source  of  endless  and  unavoidable  annoyance. 
There  seems  little  doubt  that  the  vapor  of  zinc  is  even  able  to  decom- 
pose water  vapor  and  liberate  the  hydrogen,  itself  producing  a  horn-like 
oxide,  which  is  quite  as  apt  to  clog  the  outlets  as  the  solid  metal.  Ow- 
ing to  this,  many  and  frequent  were  the  cases  where  the  u  heat"  proved 
incomplete,  or  a  total  failure,  owing  to  stoppages  and  explosions  or 
leaks.  This  will  account  for  the  incomplete  series  of  determinations 
which  may  occur  in  subsequent  tables.  Before  we  were  able  thoroughly 
to  profit  by  our  experience  the  transfer  of  the  laboratory  to  Washing- 
ton interrupted  the  work  and  gave  it  a  different  direction. 

EXPERIMENTAL   RESULTS. 

Methods  of  measurement. — Whether  two  given  temperatures  are  equal 
or  not  may  be  shosvn  with  great  accuracy  and  certainty  by  thermo-elec- 
tric comparison.  Thermocouples  of  platinum  with  palladium,  low 
percentage  alloys  of  platinum-iridium,  platinum-nickel,  platinum-rho- 
dium, platinum-cobalt,  and  many  others,  are  available  for  the  purpose. 
Furthermore,  since  comparatively  small  increments  of  temperature  are 
here  to  be  observed,  the  degree  of  constant  temperature  obtained  in 
any  given  space  both  as  regards  its  variation  at  any  given  point  with 
time,  as  well  as  the  distribution  of  temperature  existing  in  the  said 
space  at  a  given  time,  can  be  fairly  estimated  by  thermo-elements  of 
known  power. 

Many  observations  go  to  show  that  for  practical  purposes  we  may  rep- 
resent the  partial  electro-motive  force  at  each  junction  of  a  thermo-ele- 
ment by  an  equation  of  the  form 

eT=aT+bT2+eT'+ (1) 

where  eTis  the  (partial)  electromotive  force  at  the  junction  whose  tem- 
perature is  T,  and  a,b,  c,   .     .     .    a/e  thermo-electric  constants  rapidly 

decreasing  in  magnitude. 
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Hence  in  a  couple  in  which  the  junctions  are  at  temperatures  T  and 
t,  we  find  by  difference 


e=eT-et=a  (T—ty+b  (T2-*2)-f-c  (T3-f )+     ...    (2) 


an  equation  which  in  most  cases  applies  so  fully  that  the  terms  of  the 
right-hand  member,  whose  powers  of  T  and  t  are  greater  than  the  third, 
may  be  neglected. 
From  equation  (2)  follows  at  once  that 

— dT 
dT 
dT=a~+WT+tcT2+     .     . (3) 

Inasmuch  as  the  constants  a,  &,  c,  .  .  decrease  so  rapidly  in  mag- 
nitude that  a  mean  or  approximate  value  of  T  may  be  introduced  into 
equation  (3),  it  appears  that  in  proportion  as  the  increment  of  tem- 
perature becomes  smaller  it  may  be  measured  with  the  same  accuracy 
with  which  the  constants  a,  b,  .  .  have  been  found.  Methods  of 
measuring  e  and  of  calibrating  the  thermo-element  will  be  indicated  in 
the  next  chapter. 

List  of  thermo-couples. — It  is  expedient  to  insert  for  future  reference 
a  list  of  the  thermo-couples  used  for  measurement  here,  In  the  first 
part  of  this  table  the  wires  are  given  in  the  order  in  which  their  thermo- 
electric powers,  were  originally  determined.  The  other  part  contains 
the  thermoelements  used  for  temperature  measurement.  The  table 
also  contains  values  for  the  constants  a  and  b  in  equation  (1).  In  the 
case  of  Nos.  0  to  15  the  calibration  interval  is  not  larger  than  0°  to 
200° ;  in  the  others  as  large  as  0°  to  400°,  or  0°  to  450°.  The  data  are 
referred  to  a  zinc  sulphate  Dauiell  standard,  the  electro  motive  force  of 
which  is  assumed  to  be  one  volt.  Lord  Kayleigh's  recent  value  for 
this  standard  is  1.072  volt.  Hence  to  reduce  the  data  to  absolute  units, 
a  and  b  must  be  increased  7.2  per  cent.  We  have  refrained  from  intro- 
ducing this  correction  in  the  first  two  chapters  because  the  relative 
values  of  the  data  there  given  are  alone  of  interest,  and  because  of  the 
confusion  and  labor  which  a  reconstruction  of  the  whole  series  of  data 
and  of  graphic  representations  would  involve. 
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Table  1. — List  of  thermo-couple; 


Tliermo-couple. 

No. 

a  x  103 

b  x  106 

Where  made,  etc.  Calibration 

interval. 

+ 

- 

0 

Ag 

Cu 

261 

174 

Laboratory ;  0°  to  190°. 

1 

Ag,  5%  Pt 

Cu 

5730 

7010 

Do. 

2 

Ag,10%Pt 

Cu 

7230 

10100 

Do. 

3 

Ag,  150/6  Pt 

Cu 

8964 

11830 

Do. 

4 

Ag,  25%  Pt 

Cu 

9641 

15220 

Do. 

5 

Pt 

Cu 

4024 

11450 

Commercial ;  0°  to  190°. 

6 

Pt  soft 

Cu 

3222 

12740 

Paris  ;  0°  to  190°. 

7 

Pt  hard 

Cu 

3760 

9680 

Do. 

8 

Pt  Ir  5% 

Cu 

906 

9150 

Do. 

9 

Cu 

Pt,  Ir  20% 

3364 

38D0 

Do. 

10 

Pd 

Cu 

8590 

21100 

Do. 

11 

ITi 

Cu 

20090 

22000 

Do. 

12 

Ni 

Pt  soft 

17630 

4900 

Do. 

13 

Pd 

Pt  hard 

5517 

8375 

Do. 

14 

Pt  hard 

Pt,  Ir  20% 

7197 

6325 

Do. 

15 

Pd 

Pt,  Ir2o% 

12347 

16855 

Do. 

16 

Cu 

Pt  hard 

Cu 
Pt,Ir20% 

Commercial ;  0°  to  190°. 
Paris  ;  0°  to  450°. 

17 

7660 

3900 

18 

Pt  hard 

Pt,Ir20% 

7640 

3670 

Do. 

19 

Pt  hard 

Pt,Ir   5% 

3075 

—96 

Paris ;  0°  to  370°. 

20 

Pt  hard 

Pt.Ir  5% 

3056 

-91 

Do. 

21 

Pd 

Pt  hard 

5253 

9700 

Do. 

22 

Pt  hard 

Pt,  Ir  20% 

7640 

3810 

Paris  ;  0°  to  450°. 

23 

Pt  hard 

Pt,  Ir  5% 

2972 

475 

Paris  ;  0°  to  370°. 

24 

Pt  hard 

Pt,  Ir  2% 

1883 

—1501 

Laboratory  ;  0°  to  370°. 

25 

Pt  soft 

Pt,  Pd  3% 

287 

1194 

Do. 

26 

Pt  soft 

Pt,  Pd  10% 

975 

2732 

Do. 

27 

Pt,  Ir  5% 

Pt,  Ir  10% 

2362 

1525 

Paris  ;  0°  to  370°. 

28 

Pt,  Ir  5% 

Pt,  Ir  15% 

3888 

2685 

Laboratory  ;  0°  to  370°. 

29 

Pt,Ir  5% 

Pt,  Ir  20% 

4507 

3982 

Paris  ;  0°  to  370°. 

30 

Pt  com. 

Pt,  Ni  5% 

8428 

505 

Laboratory  ;  0°  to  370°. 

31 

•   Pt  com. 

Pt,  Ni  2% 

4560 

48 

Do. 

32 

Ptcom. 

Pt,  Ni  3% 

1978 

519 

Do. 

33 

Pt  com. 

Pt,Ir5% 

3639 

1472 

Do. 

34 

Pt  com. 

Pt,  Ir  7% 

4704 

2073 

Do. 

35 

Pt  soft 

Pt,  Ir  20% 

7180 

6270 

Paris  ;  0°  to  450°. 

36 

Pt  soft 

Pt,  Ir  20% 

7190 

6290 

Do. 

37 

Pt  soft 

Pt,  Ir  20% 

(7200) 

(6300) 

Do. 

38 

Pt  soft 

Pt,Ir20% 

(7200) 

(6300) 

Fused  over  from  old  elements. 

39 

Pt  soft 

Pt,  Ir  20% 

(7200) 

(6300) 

Do. 

40 

Pt  soft 

Pt,Ir20% 

(7200) 

(6300) 

Do. 

Data  for  the  mercury  vapor  baths. — Returning  from  this  digression  to 
the  subject  proper,  we  insert  Table  2  to  exhibit  the  degree  of  constant 
temperature  arrived  at  in  the  mercury  apparatus.  The  observations 
are  made  in  time  series.  T  is  the  temperature  of  the  hot  junction, 
placed  at  i  in  Fig.  3,  and  t  the  temperature  of*  the  cold  junction  of  the 
thermoelement  No.  18,  at  the  time  specified  in  the  same  horizontal  row. 
T  is  computed  from  the  thermo-electric  data.     In  the  first  part  of  the 
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table,  results  are  given  for  the  ease  in  which  the  thermoelement  tube 
h  i.  Fig.  3?  is  simply  submerged  in  liquid. 

Table  2. — Constancy  of  temperature  in  the  mercury  apparatus. 


No. 

1 

T. 

Time. 

Remarks. 

1.     m. 

18 

5.1 

357 

2     30 

4.2 

337 

35 

6.6 

7.8 

356 

}  Envelope  of  t  hermo-element  (tube)  submerged  in  tbe  boiling  liquid. 
30     | 

8.7 

356 

50 

9.6 

357 

4      5 

J 

10.2 

359 

20 

Envelope  above  liquid. 

18 

7.2 
7.12 

359 
360 

6    20 
35 

>  Apparatus  Fig.  3,  but  with  longer  central  tube  dd. 

Eesults  irregular  and  useless;  no  satisfactory  constancy. 


18 


15.0 

17.  _' 


342 
357 


3  40 

4  30 


Apparatus  Fig.  3,  but  with  inner  side  of  lid  and  walls  heavily  lined 
with  piaster. 


Results  again  irregular;  no  satisfactory  constancy, 


18 

9.0 
10.0 
10.8 

353.  6 
357.  5 
357.  5 

12 

0 
10 

20 

1 
1 

11.6 

:;57.2 

30 

1 

)>  Apparatus  Fig.  3,  with  central  tubo  projecting  inward  only  as 

far 

12.6 
13.8 

356.  9 
356.  4 

45 

55 

as  the  center  of  figure.    Apparatus  without  feed-pipe. 

14.8 

356.  5 

1 

10 

i 

15.2 

356.  4 

15 

j 

18 

6.8 

354.3 

10 

50 

i 

7.4 

356.8 

11 

5 

i 

8.1 
9.1 

350.6 
356.7 

11 
11 

30 
50 

>  Apparatus  Fig.  3,  completed  form. 

10.1 

356.7 

12 

20 

11.2 

356.  7 

12 

55 

Curiously  enough,  when  the  walls  were  lined  with  an  inch  coating  of 
plaster  above  the  plane  of  ebullition,  although  distillation  took  place 
with  great  rapidity,  the  thermo-elemeut  did  not  show  the  boiling  point 
until  about  one  hour  had  elapsed.  Where  no  feed-pipe  is  used  the  tem- 
perature gradually  falls  as  the  charge  of  mercury  diminishes  in  bulk. 
In  the  final  form  the  negligible  differences  of  temperature,  amounting 
(after  ebullition  has  set  in)  to  less  than  0.2°,  are  probably  errors  of 
measurement.  The  accuracy  of  the  thermo-electric  method  is  not  war- 
ranted within  0.1  per  cent. 

Data  for  the  zinc  vapor  baths.— In  digesting  the  data  obtained  for  the 
variation  of  temperature  in  the  zinc  apparatus,  it  will  be  necessary  to 
be  more  circumspect.     For  this  reason  we  shall  exhibit  a  very  complete 

(724) 


barus.J  DEGREE    OF    CONSTANT    TEMPERATURE.  71 

set  of  data.  Early  values,  i.  e.,  such  as  were  derived  with  couples  of 
palladium  or  of  platinum-silver  alloy  are  discarded,  because  during 
the  course  of  the  measurements  such  elements  were  usually  corroded 
through,  and  little  confidence  could,  therefore,  be  felt  in  the  use  of  the 
constants  of  the  uncorroded  element.  Assuming  equation  (1)  above,  the 
temperature,  T,  of  the  hot  junction  of  the  couple  is 


2&W   +V       s 


T '=— 


where  a  and  b  are  the  constants  of  the  element,  and  where,  if  t  be  the 
temperature  of  the  cold  junction  and  e  the  observed  electro-motive  force 
for  temperatures  t  and  T  of  the  junctions 

This  value,  £,  is  therefore  the  electro-motive  force  when  the  cold  junc- 
tion is  at  zero,  other  conditions  remaining  the  same.  The  passage  from 
e  to  e  usually  involves  only  a  small  correction  which  may  be  interpolated 
from  tables  calculated  for  the  purpose.  Nevertheless  the  computation 
of  T,  where  many  results  are  in  hand,  is  exceedingly  tedious ;  and  it  is 
therefore  preferable  to  avoid  it  by  the  use  of  graphic  methods,  as  ex- 
plained in  Chapter  II.  In  computing  the  values  of  2\  the  constants 
obtained  in  later  and  more  refined  apparatus  are  of  course  used,  all  older 
calibrations  being  allowed  no  more  than  corroborative  importance. 

In  Table  3  we  give  some  of  our  earlier  results,  the  first  of  which  were 
obtained  by  submerging  a  protected  thermo-couple  in  boiling  zinc  con- 
tained in  a  large  fire-clay  retort.  The  charge  was  from  5  to  10  pounds, 
but  special  data  are  not  at  hand.  After  this  the  iron  apparatus  de- 
scribed in  Fig.  4  was  used.  Owing  to  difficulties  of  manipulation,  we 
thereupon  returned  to  the  retort  pattern,  providing  it  with  a  suitable 
condenser;  exchanging  this,  eventually,  for  a  graphite  crucible  on  the 
general  plan  of  Fig.  5,  but  of  much  smaller  dimensions.  It  is  in  this 
order  that  the  results  in  the  tables  are  given.  The  third  column  of  the 
table  contains  the  number  of  kilogrammes  •distilled  and  the  total  num- 
ber of  kilogrammes  of  zinc  charged  ;  e20  is  the  observed  electro- motive 
force  in  microvolts,  nearly  when  the  hot  junction  is  at  T  and  the  cold 
junction  at  20° ;  e2()  is  preferred  to  e,  which  applies  for  t=0°  because  t 
in  the  average  case  is  usually  in  the  neighborhood  of  20°,  and  therefore 
the  correction  to  be  added  is  small.  Ts  and  T%n  are  thermo-electric 
data  for  the  boiling  point,  when  the  calibration  interval  within  which 
the  constants  apply  is  respectively  0°  to  450°  and  0°  to  1000°.  TB  is 
therefore  the  result  of  exterpolation.  Further  remarks  regarding  these 
quantities  must  be  reserved  for  Chapter  II. 
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Table  3. — Constancy  of  temperature  in  earlier  forms  of  the  zinc  boiling-point  apparatus. 


Date. 

Dec. 

28, 1883 

Jan. 

10, 1884 

Jan. 

11, 1884 

Jan. 

15, 1884 

Jan. 

29, 1884 

Jan. 

30, 1884 

Feb. 

2, 1884 

Feb. 

4, 1884 

Apparatus. 


Retort 

do 

Iron  boiliug-point  apparatus 

Retort  wi  th  condenser 

Graphite  boiling-point  apparatus. 
do 


.CIO 

do 


Kg.  of  Zn. 

distilled : 

charge. 


No.  of 
thermo- 
couple. 

020. 

14 

9150 

14 

9600 

14 

9630 

14 

9390 

18 

9216 

18 

9184 

18 

9191 

18 

(9281) 

847 
880 
883 
867* 
860 
856 
857 
865 


914 
950 
953 
934 
924 
921 
922 
930 


It  is  to  be  borne  in  mind  that  the  above  data  have  a  relative  signifi- 
cance only.  Their  absolute  values  can  not  be  discussed  before  Chapter 
IV.  The  same  thermal  and  electric  scales  are  uniformly  used  through- 
out Chapters  I  and  II. 

In  Table  4  data  showing  the  progressive  stages  of  temperature  of 
the  zinc  crucible  are  given  in  time  series.  The  plan  is  identical  with 
that  of  the  preceding  table,  h  denotes  the  number  of  hours  elapsed- 
from  the  beginnin  g  to  the  end  of  the  ebullition. 

Table  4. —  Constancy  of  temperature  in  earlier  forms  of  the  sine  boiling-point  apparatus; 

time  series. 


Date. 

Time. 

h. 

No.  of 
thermo- 
couple. 

020., 

T.. 

y«. 

Remarks.    • 

Jan.   29,1881 

h.  m. 
4  25 

0.00 

18 

9220 

860 

925 

Charge  insufficient. 

32 

0.12 

18 

9180 

857 

921 

37 

0.20 

18 

9170 

850 

920 

48 

0.38 

18 

9020 

846 

910 

55 

0.50 

18 

8580 

815 

872 

Furnace  cools. 

Jan.    30,1884 

2  35 

0.00 

18 

6500 

658 

693 

Approaching  ebullition. 

45 

0.17 

18 

7510 

736 

682 

3  00 

0.42 

18 

8920 

840 

900 

20 

0.75 

18 

7800 

750 

807 

Blower    stopped    by    acci- 
•  dent. 

35 

1.00 

18 

8150 

781 

836 

40 

1.08 

18 

8910 

839 

899 

Approaching  ebullition. 

45 

1.17 

18 

9150 

854 

919 

50 

1.  25 

18 

9180 

850 

920 

Ebullition. 

55 

1.33 

18 

9180 

856 

920 

4  10 

1.  55 

18 

9260 

804 

928 

15 

1.67 

18 

9200 

864 

928 

30 

1.92 

18 

9300 

867 

933 

40 

2.08 

18 

9370 

870 

938 

Charge  distilled. 

50 

2.25 

18 

9610 

886 

956 

5  00 

2.  42 

18 

9770 

80S 

970 

Superheating. 

10 

2.58 

18 

9680 

890 

961 

15 

2.  67 

18 

9540 

882 

951 

Furnace  cools. 

25 

2.83 

18 

9220 

860 

924 
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Table  4. — Constancy  of  temperature  in  earlier  forms  of  the  zinc  boiling-point  apparatus  ; 

time  series — Continued. 


Date. 

Time. 

h. 

No.  of 
thermo- 
couple. 

'   £20. 

T3. 

Tm. 

Remarks. 

Feb.     2, 1S84 

h.  on. 
3  15 

0.00 

18 

7930 

768 

818 

Approaching  ebullition. 

19 

0.07 

18 

8100 

780 

833 

25 

0.17 

18 

8420 

802 

8G0 

30 

0.25 

18 

8740 

825 

884 

35 

0.33 

18 

9110 

851 

915 

Ebullition. 

40 

0.42 

18 

9170 

856 

920 

56 

0.68 

18 

9190 

857 

S21 

4  19 

1.07 

18 

9220 

860 

924 

The  second  part  of  this  table  (Jan.  30)  is  complete.  The  third  (Feb.  2) 
and  the  first  (elan.  20)  part  together  make  a  series,  showing  in  all  cases 
the  rise  and  fall  of  temperature  at  the  inception  and  at  the  close  of  the 
distillation.  The  criterion  of  the  occurrence  of  the  boiling  point  is  con- 
stancy of  temperature ;  for  the  furnace  is  sufficiently  hot  to  superheat 
the  crucible  when  the  charge  of  zinc  is  low  or  nearly  distilled  over  as 
the  second  part  of  the  table  shows.  An  early  stopping  or  a  late  begin- 
ning of  the  experiment  is  the  result  of  accidents,  which  for  the  difficulty 
of  the  experiments  are  not  infrequent. 

As  distinguished  from  the  above  data  the  following  results  are  all  ob- 
tained with  very  large  apparatus,  a  "number  60"  graphite  crucible  of 
Messrs.  Dixon,  with  a  capacity  sufficient  to  hold  60  pounds  of  zinc,  being 
used  for  the  experiments.  The  apparatus  and  furnace  have  already 
been  described  and  it  will  therefore  suffice  to  summarize  the  data.  This 
is  done  in  the  following  very  complete  tables  on  a  plan  identical  with 
the  preceding. 

Table  5. — Constancy  of  temperature  in  thejater  form  of  zinc  boiling-point  apparatus ; 

time  series. 


Date. 

Time. 

h. 

No.  of 
thermo- 
couple. 

620. 

*. 

Tv, 

Remarks. 

h.  m. 

Apr.  15,  1884 

2  15 

0.00 

18 

7980 

770 

8:32 

Charge  M  pounds. 

26 

0.18 

18 

8540 

812 

868 

38 

0.38 

18 

9110 

852 

915 

50 

0.  58 

18 

9550 

882 

952 

53 

0.63 

18 

9710 

893 

965 

3  05 

0.83 

18 

9940 

910 

983 

10 

0.92 

18 

10020 

915 

990 

Apr.  18,  1884 

2  08 

0.00 

18 

9500 

880 

947 

Charge  20  pounds. 

15 

0.12 

18 

9530 

882 

950 

20 

1.20 

18 

9640 

890 

957 

30 

0.37 

18 

9807 

901 

971 

Furnace  fired. 

40 

0.53 

18 

9960 

911 

985 

50 

0.70 

18 

9930 

.909 

982 
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Table  5.— 

Constancy  of  temper  aturi 
time 

in  the  later  form  of  sine 
series — Continued . 

doiling-point  apparatus 

Date. 

Time. 

h. 

No.  of 
thermo- 
couple. 

e20. 

r.s 

Tzn. 

Remarks. 

Apr.  18,  1884 

h.  m. 
3  00 

0.87 

18 

10020 

915 

990 

10 

1.03 

18 

10110 

920 

995 

Do. 

20 

1.20 

18 

10130 

922 

998 

30 

1.37 

18 

10080 

920 

995 

42 

1.57 

18 

10320 

935 

1013 

Retort  begins  to  leak. 

4  00 

1.87 

18 

10480 

945 

1025 

10 

2.03 

18 

10510 

948 

1026 

20 

2.20 

18 

10500 

946 

1026 

30 

2.37 

18 

10390 

939 

1019 

42 

2.57 

18 

9910 

908 

980 

3  33 

0.00 

18 

7571 

740 

787 

Charge  50  pounds. 

50 

0.28 

18 

7990 

772 

823 

Furnace  fired. 

4  00 

0.45 

18 

8230 

790 

844 

Do. 

10 
20 
30 

0.62 

0.78 
0.95 

18 
18 
18 

8570 
8870 
8930 

813 
835 
839 

872 
897 
900 

Do. 
Approaching  ebullition. 
Furnace  fired. 

43 

1.17 

18 

9100 

851 

914 

Do. 

Apr.  24,  1884 

50 
5  00 

1.28 

1.45 

18 
18 

9120 
9130 

852 
852 

915 
916 

Ebullition. 
Furnace  fired. 

10 
22 
33 

1.62 
1.82 
2.00 

18 
18 

18 

9130 

853 

916 

Do. 
Do. 

9140 

854 

917 

Do. 

50 
55 
6  10 
20 
31 
45 

2.28 
2.37 
2.62 
2.78 
2.97 
.   3.20 

18 
18 
18 
18 
18 
18 

Do. 

9130 

852 

916 

Do. 

9180 

856 

921 

Do. 
Do. 

9190 

857 

922 

Superheating ;  F.  fired. 

55 
7  05 

3.37 
3.53 

18 

18 

9240 

861 

925 

25  pounds  distilled. 

Apr.  30,  1884 

1  53 

0.00 

18 

8530 

812 

870 

Charge  50  pounds. 

2  15 

0.37 

18 

8970 

842 

905 

2G 

0.  55 

18 

9080 

850 

912 

Ebullition. 

45 

0.87 

18 

9f40 

854 

918 

3  15 

1.37 

18 

9120 

853 

915 

35 

1.70 

18 

9160 

856 

920 

57 

2.07 

18 

9190 

858 

922 

4  15 

2.37 

18 

9220 

859 

924 

36 

2.72 

18 

9*280 

864 

930 

5  00 

3.12 

18 

9340 

868 

934 

20 

35 

3.45 
3.70 

18 
18 

9270 
9280 

863 
864 

930 
930 

28  pounds  distilled. 

May  12,  1881 

3  00 

0.00 

18 

7940 

768 

799 

Charge  large. 

20 

0.33 

18 

8520 

811 

868 

30 

0.50 

18 

8760 

828 

887 

38 

0.63 

18 

8880 

837 

896 

40 

0.67 

18 

8900 

838 

900 

45 
50 

0.75 
0.83 

18 
18 

8950 
8960 

842 
843 

902 
904 

Approaching  ebullition. 

55 

0.92 

18 

8960 

842 

904 

4  10 

1.17 

18 

8960 

842 

904 

30 
5  00 

1.50 
2.00 

18 
18 

842 
844 

904 
906 

8980 

15 

2.25 

18 

9000 

845 

907 

33 

2.56 

18 

9020 

846 

908 
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able  5. — Constancy  of  temperature  in  the  later  form  of  zinc  boiling-point  apparatus  ; 

time  series — Continued. 


Date. 

Time. 

h. 

No.  of. 
thermo- 
couple. 

e20. 

Ts. 

Tzn. 

llemarks. 

h.  m. 

ay  19,  1884 

3  00 

0.00 

18 

8370 

800 

855 

Charge  large. 

15 

0.  25 

18 

8750 

.  827 

885 

30 

0.50 

18 

8960 

841 

903 

3r> 

0.58 

18 

9050 

847 

911 

40 

0.67 

18 

9050 

848 

911 

4  20 

1.33 

18 

9270 

863 

929 

30 

1.50 

18 

9590 

885 

055 

Central  tube  cracks. 

5  00 

2.00 

18 

0330 

934 

1012 

Superheating. 

ay  21,  1884 

3  25 

0.00 

18 

7890 

764 

814 

Charge  large. 

35 

0.17 

18 

8250 

790 

845 

4  00 

0.58 

18 

8630 

819 

876 

10 

0.75 

18 

9030 

847 

910 

20 

0.92 

18 

9120 

853 

915 

30 

1.08 

18 

9240 

862 

926 

35 

1.17 

18 

9310 

867 

932 

40 

1.25 

18 

9360 

870 

936 

5  00 

1.58 

18 

9500 

879' 

948 

Central  tube  cracks. 

03 

1.63 

18 

9540 

881 

951 

Superheating. 

ay  26,  1884 

2  25 

0.00 

22 

8840 

828 

890 

Charge  large. 

35 

0.17 

22 

9081 

845 

908 

45 

0.33 

22 

9110 

847 

910 

Ebullition. 

3  05 

0.67 

22 

9160 

849 

915 

15 

0.83 

22 

9200 

852 

918 

35 

1.17 

22 

9300 

860 

927 

50 

1.42 

22 

9330 

863 

930 

4  20 

1.92 

22 

9470 

874 

940 

40 

2.25 

22 

9450 

870 

940 

Crucible  explodes. 

me  9,  1884 

2  15 

0.00 

19 

716 

(672) 

Charge  large. 

30 

0.25 

19 

741 

(696) 

45 
3  05 

0.50 
0.83 

It) 
19 

782 
855 

(735) 
(805) 

15 

1.00 

19 

934 

(880) 

19 

1.07 

19 

981 

(925) 

20 

1.08 

19 

987 

(930) 

25 

1.17 

19 

2864 

987 

930 

30 

1.25 
1.42 

(20) 

40 

(20) 

2830 

975 

920 

55 

1.07 

(20) 

2784 

960 

907 

4  10 

1.92 

19 

2769 

954 

901 

25 

2.17 

19 

2767 

954 

901 

40 

2.42 

19 

2738 

944 

891 

55 

2.  67 

19 

2737 

944 

891 

5  08 

2.88 

19 

2732 

912 

890 

25 

3.17 

19 

2755 

950 

899 

40 

3.42 

19 

2803 

966 

913 

50 

3.58 

19 

2809 

968 

915 

ine  11, 1384 

3  45 
55 

0.00 
0.17 

19 
19 

2808 

970 

915 

4  00 

'  0.25 

19 

2806 

909 

915 

07 

0.37 

19 

12 

0.45 

19 

2848 

982 

925 

18 

0.  55 

19 

25 

0.67 

19 

2815 

970 

915 
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Table  5.— Constancy  of  temperature  in  the  later  form  of  zinc  boiling-point  appar 

time  series — Continued. 


Date. 

Time. 

h. 

No.  of 
thermo- 
couple. 

020- 

Ts. 

Tzn. 

Remarks. 

h.m. 

' 

June  11,  1884 

35 
45 

0.83 
1.00 

19 
19 

2815 

970 

915 

50 

1.08 

(23) 

2806 

970 

915 

58 

1.22 

19 

2828 

974 

920 

5  10 
15 

1.42 
1.50 

19 
19 

2824 

972 

916 

25 
30 

1.67 
1.75 

19 
19 

2784 

960 

907 

June  14, 1884 

3  23 

0.00 

19 

2811 

970 

914 

3  47 

0.40 

19 

2839 

970 

1)21 

June  21, 1884 

4  35 
41 

o.oo 

0.10 

23 
23 

999 
1002 

939 
942 

2907 

55 

0.33 

23 

2915 

1002 

943 

5  06 

0.52 

23 

2919 

1004 

944 

22 

0.78 

23 

2935 

1010 

950 

June  25, 1884 

3  55 

0.00 

23 

2809 

970 

914 

4  15 

0.33 

23 

2809 

970 

914 

4  40 

0.75 

23 

2829 

974 

920 

4  55 

1.00 

23 

2829 

974 

920 

5  06 

1.18 

23 

2829 

974 

920 

5  18 

1.38 

23 

2780 

960 

907 

In  the  experiments  made  on  the  15th  and  18th  of  Apr. 1  the  cha 
were  obviously  too  small.  Hence  we  fail  to  discern  a  boiling  poii 
the  first  instance  and  obtain  irregular  results  in  the  second,  in  bot 
which  cases  the  zinc  vapor  is  superheated.  In  the  next  series 
charge  of  zinc  is  much  increased  and  the  results  are  regular.  The  v 
of  Tzn  is  slightly  low,  a  result  which  may  be  attributed  to  varioui 
traneous  causes,  such  as  slight  corrosion  or  zincification  of  the  the] 
couple,  polarization  errors  in  the  measuring  apparatus,  etc.  In  thi 
in  the  following  series  of  experiments  of  the  30th  of  April,  the  terni 
ature  of  the  cold  junction,  in  consequence  of  its  unavoidable  proxiu 
to  the  furnace,  rises  as  high  as  70°.  Otherwise  both  series  are  as  < 
plete  as  any  we  made.  The  effect  of  charging  the  furnace  with  f 
coal  does  not  chill  the  retorts  perceptibly,  and  the  experiments  i 
carried  to  an  end  without  accident.  In  the  series  made  on  the  12t 
May,  as  well  as  in  all  subsequent  series,  the  cold  junction  was  kej 
a  low  temperature  (ca.  15°)  by  submerging  it  in  a  current  of  run; 
water.  The  values  for  Tzn  found  are  lower  than  usual.  The  work  << 
both  on  the  19th  of  May  and  on  the  21st  of  May  was  interrupter 
breakage  of  the  central  tube.  There  resulted  a  diminution  of  the  ch 
of  zinc,  in  consequence  of  leakage,  and  the  thermoelement  soou  i 
cated  the  presence  of  superheated  zinc  vapor.  No  boiling  point  is 
cernible.  The  experiments  on  the  26th  of  May  were  again  termin 
at  an  early  stage  of  progress  by  an  explosion,  due  to  stoppages  in 
efflux  pipe  for  the  zinc  vapor.     Both  the  elements  No.  18  and  N< 

(730) 


mv&.]  DEGREE    OF    CONSTANT    TEMPERATURE.  77 

rere  partially  destroyed  by  these  accidents,  necessitating  their  replace- 
ment by  No.  19.  The  constants  and  thermo-electrics  of  the  new  couple 
>eing  different  from  the  old,  it  is  clear  that  the  subsequent  values  for 
Fzn  are  no  longer  immediately  comparable  with  the  preceding  values  for 
rzn.  To  make  them  as  nearly  as  possible  comparable,  however,  the  fol- 
owiug  method  was  pursued  :  The  values  for  e20,  corresponding  to  Nos. 
9, 20,  23,  and  obtained  on  the  2d  of  February,  on  the  24th  of  April,  and 
n  the  12th,  26th,  and  30th  of  May,  were  averaged,  and  this  mean  value- 
rs assumed  to  correspond  with  the  mean  values  of  Tzn  given  by  No. 
8  on  the  same  days,  respectively.  A  glance  at  the  tables  below  shows 
hat  on  these  days  one  of  the  series  of  elements,  Nos.  19,  20,  23,  and  one 
f  the  series  of  elements,  Nos.  17, 18,  22,  were  simultaneously  compared, 
^rom  these  data  the  constants  of  the  former  set  (Nos.  19,  20,  23)  and  a 
raphic  representation  were  investigated ;  from  this  finally  we  took  the 
alues  of  Tzn  given  in  Table  5.  In  this  way  the  break  in  the  results  is 
educed  to  the  least  value  possible  under  the  circumstances. 
It  is  curious  that  in  the  subsequent  work  we  were  not  able  to  obtain 
eries  of  results  as  satisfactorily  constant  as  in  the  earlier  experiments, 
'o  speculate  on  the  causes  for  discrepancy  is  of  course  futile,  and  the 
iter  data  subserve  no  other  purpose  than  that  of  comparing  the  thermo- 
lectric  behavior  of  the  couples  simultaneously  calibrated. 

INFERENCES  RELATIVE  TO  LOW  PERCENTAGE  ALLOYS. 

^eduction  of  data. — In  view  of  the  insufficient  degree  of  constancy 
bservable  in  the  above  results  as  a  whole,  it  is  necessary  to  resort  to 
ii  artifice  by  which  all  thermo-electric  forces  may  be  referred  to  a  fixed 
iterval  of  temperature,  T—t.  For  the  lower  limit  of  this  interval  we 
ilected  20°,  a  temperature  as  near  the  mean  value  of  £as  practicable; 
>r  the  upper  limit  930°,  the  assumed  value  of  the  boiling  point  of  zinc, 
hen  the  reduction  to  the  lower  limit  has  the  value 

ew-e=(t-20)  {a+b(t+20)  J>; 
ad  the  reduction  to  the  higher  limit  the  value 

e930-e=:(930-T)  (a+b  (930+T)). 
The  method  of  correction  was  therefore  a  quadratic  interpolation  by 
hich  the  thermo-electric  interval  is  rectified  at  each  end,  and  thus  re- 
ticed  to  the  uniform  temperature  interval.  The  constants  a  and  b 
ere  carefully  redetermined  in  a  final  calibration,  so  that  the  sole  re- 
aining  difficulty  in  the  equation  is  the  choice  of  T.  Fortunately  it  is 
lly  the  variations  of  T  with  which  the  above  equation  is  concerned, 
id  this  may  be  obtained  either  by  linear  reduction  of  the  therino- 
ectric  datum  Ts  to  930°,  or  we  may  calculate  the  constants  for  each 
ement  throughout  the  interval  0°  to  930°,  and  then  use  the  TZQ  so 
)tained.  The  first  method  is  less  accurate  than  the  second  without 
sing  insufficiently  accurate.  At  the  same  time  the  first  method  is  so 
uch  more  expeditious  that  we  applied  it. 
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Table  6. —  Values  of  c:ty)2(),  approximately,  in  microvolts. 


Date, 


January  29,  1884  . 
January  29,  1884  . 
January  29,  1884 
January  30,  1884  . 
January  30,  1884 . 
January  30,  1884. 
Febi- nary  2,  1884. 
February  2,  1884. 
February  2,  1884. 
February  2,  1884. 
February  2,  1884. 

April  24, 1884 

April  24. 1884 

April  24, 1884 

April  24, 1884 

April  24, 1881 

April  24, 1884 

April  24, 1884 

April  24, 1884 

April  24, 1884 

April  24, 1884 

April 24, 1884.  ... 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  12, 1884 

May  19, 1884 

May  19, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

May  26, 1884 

June  9, 1884 

June  9, 1884 

June  9, 1884 

June  9,  1884 

June  9,  1884 


No.  of 

thermo- 
couple. 


9160 

9150 

9170 

9180 

9180 

9180 

9180 

9320 

91  GO 

2816 

9160 

9100 

9220  j 

9100 

2827 

01-20 

770  j 
9100  j 

891  i 
9090 
'2271 
9070 
9130 
9280 
9130 
2830 
2834 
9130 

786 
9120 

898 
9140 
2333 
9130 
9290 

780 
9080 
2810 
9080 
2800 
9060 
9050 

852 
9060 
2205 
9040 

817 
9030 
9]  22 
9080 
2830 
2830 

791 


Date. 


June  9, 
June  !), 
June  9, 
June  9, 
June  9, 
June  9, 
June  9, 
June  9, 
June  9, 
June  9, 
Juno  9, 
June  9, 
June  9, 
June  9, 
June  9, 
June  9, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  11, 
June  14, 
June  14, 
June  14, 
June  14, 
June  14, 
June  21, 
June  21, 
June  21, 
June  21, 
June  21, 
Juno  21, 
June  21, 
June  25, 
June  25, 
June  25, 
June  25, 
June  25, 
June  25, 
June  25, 
June  25, 
June  25, 
Tune  25, 
-i  uue  25, 


1884 

1884. 
1884 
1884. 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884. 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1S84 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1834 
1884 
1884 
1884 
1884 
1884 
1884 
1884 
1*881 


No.  of 
thermo- 
couple 


(732) 
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From  this  table  it  is  expedient  to  select  the  mean  values  for  each 
element,  and  then  to  arrange  the  alloys  in  a  series  of  the  kind  described 
on  page  80.  This  has  been  done  in  Table  7,  where,  in  addition  toe20930, 
the  constants  a  and  Z>,  derived  from  the  last  definite  calibration,  are  in- 
serted (microvolts).  The  interval  of  calibration  for  a  and  b  is  only  0° 
to  400°,  as  has  been  stated.  Knowing,  therefore,  c,  a,  and  b  we  are  able 
to  compute  T6,  or  the  exterpolated  value  of  the  zinc  boiling  point,  to 
which  special  reference  will  presently  be  made.  The  figures  for  e  in 
parenthesis  will  be  referred  to  in  Chapter  II. 

Table  7. — General  summary  of  results. 


Series 
No. 

No. 

Description  of  element. 

How,  where,  or  by 
whom  made. 

Mean  e. 

a. 

b. 

T„ 

r 

17 

Pt  (h);   Pt-Ir,  20%;  annealed. 

Paris  metallurgists.. 

c  (9412) 
I    S285 

J  7.  GO 

+  0.00390 

861 

18 

do 

do 

r  (9345) 
i    916(5 

I  7.60 

+0.00385 

857 

19 

Pt  (h);  Pt-Ir,  5%;  annealed  .. 

....do 

C (2801) 
I    2823 

i  3.  07 

-0.00010 

966 

90 

do                            

....do... 

c  (2869) 
I    2827 
€  (9453) 
I    9230 

I  3.  05 
\  7-G0 

—0.  00009 
+0.  00393 

973 

I< 

22 

Pt  (h);  Pt-Ir,  20%;  annealed.. 

....do 

856 

23 

Pt  (h);  Pt-Ir,  5%;  annealed  .. 

....do 

r    2829 
X  (2885) 

\  (2.  97) 

(+0.00047) 

970 

24 

Pt  (h);  Pt-Ir,  2%  ;  annealed  .. 

Pt-Ir  596  fused  into 
Pt   (s)    in    proper 
ratio,  at  Lab.,  OH2 

791 

1.88 

—0.  00150 

(*) 

I 

blast. 

nS 

25 

Pt  (s);  PtPd,  3%;  annealed.. 

r  Pd  alloyed  to  Pt  (a), 
1     at  Lab.,  O  H-blast. 

i  m 

i    2297 

0.287 

+0.  00119 

797 

26 

Pt  (8);  Pt  Pd,  10%  ;  annealed.  . 

0.975 

+0.  00273 

760 

f 

1 

mi 

i 

I 

27 
28 
29 

Pt-Ir,  5%;    Pt-Ir,  1096;    an- 
nealed. 

Pt-Ir,   5%;    Pt-Ir,   15%;     an- 
nealed. 

Pt-Ir,   5% ;    Pt-Ir,  20%  ;    an- 
nealed. 

]  Pt  It   5%    and  Pt 

j       Ir    2096     wires 

S      fused  together  in 

proper    ratio,    at 

Lab.,  OH2  blast. 

(  2941 

J    5030 

1    C449 
t 

2.36 
3.89 
4.51 

+0.00152 
+0.  00268 
+0.  00398 

826 
834 
835 

-1 

30 
31 

Pt    (com.);    Pt(com)-Ni,    5%; 

annealed. 
Pt   (com.);    Pl(com)-Xi,  2%; 

]  Ni   alloyed    to    Pt 
}     (com.),    at    Lab., 
J      OH2  blast. 

f   7121 
1 

|    3744 

I 

8.43 
4.56 

+  0.00050 
+0.  00005 

825 
833 

f 

32 

Pt   (com.);    Pt(com.)-Ir,   3%; 

1 

f  1998 

1.98 

+0.  00052 

844 

v. 

33 
34 

annealed. 
Pt   (com.);  Pt(com.)-Ir,   596; 

annealed. 
Pt   com.);    Pt(com.)-Ir,    79^; 

annealed; 

1  Ir  (com.)  alloyed  to 

}     Pt  (com.),  at  Lab., 

OH2  blow-pipe. 

J 

3981 

|    533G 
I 

3.64 

4.70 

+0.  00147 
+0.  00207 

833 
842 

*  Imaginary. 

Series  of  alloys. — Having  reached  this  stage  of  the  inc 

luiry,  we 

are 

prepared,  so  far  as  the  set  of  data  at  present  in  hand  go, 

to  brin£ 

;  the 

considerations  back  to  the  probable  properties  of  the  z( 

jro  eleim 

3nts, 
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platinum-platinum,  when  these  elements  are  regarded  as  the  limiting 
cases  into  which  any  series  of  thermo-couples  of  platinum  alloys  must 
ultimately  converge.  A  series  of  couples  such  as  is  here  understood 
has  already  been  defined.  In  each  member  of  such  a  series  pure  plati- 
num is  thermo-electrically  combined  with  an  alloy  of  platinum  and  a 
second  metal,  and  the  amount  of  the  latter  metallic  ingredient  decreases 
from  alloy  to- alloy  of  the  series  as  far  as  zero. 

Having  given  a  number  of  thermo-couples,  A,  B,  (7,  I)  .  .  .  ,  let  the 
cold  junction  all  be  kept  at  the  same  constant  temperature,  t.  In 
like  manner  let  the  hot  junctions  be  exposed  together  to  a  second  tem- 
perature, which,  however,  is  made  to  vary  continuously  from  a  com- 
paratively low  value  to  as  high  a  value  as  may  be  admissible.  Then 
will  a  comparison  of  corresponding  values  of  electro- motive  force  indi- 
cate in  how  far  the  variation  of  the  latter  with  temperature  may  be  re- 
garded as  uniformly  continuous.  Thermo-electric  anomalies,  such,  for 
instance,  as  are  presented  by  iron,  nickel,  probably  by  some  platinum- 
iridium  alloys,  and  by  all  metals  at  sufficiently  high  temperatures,  are 
thus  detected  and  located.  In  practice  it  is  convenient  to  compare  the 
thermo-couples  in  pairs;  and  like  exposure  of  the  hot  junction  is  facili- 
tated by  melting  them  to  a  common  spherule  with  the  oxyhydrogen 
blow-pipe.  A  tube  may  be  placed  in  Fletcher's  organic  combustion- 
furnace  or  in  an  anthracite  blast-furnace  and  the  insulated  thermo-ele- 
ments  heated  within  it,  with  their  common  junction  near  the  center  of 
the  tube.  All  wires  so  compared  are  supposed,  of  course,  to  be  homo- 
geneous throughout  their  length. 

Table  8. — Equivalent  thermo-electric  powers. 


Pt,  Pt  If 

20%. 
No.  14. 

Pd,  Pt  Ir 

20%. 
No.  15. 

810 

1470 

1350 

2510 

4290 

8380 

4370 

8600 

4770 

9470 

5700 

11610 

6140 

12330 

7910 

16940 

7970 

17210 

8370 

18360 

T  = 

850° 

Pt,  Pt  Ir 

20%. 
No.  14. 


810 
1350 
2250 
4280 
5690 
7018 
7680 

T  = 


Pt,  Pd. 

No.  13. 


1150 
1990 
4200 
5970 
7860 
8830 


S0Q° 


Pt,  Pt  Ir 

20%. 
No.  14. 


810 
1350 

2706 
3130 
4640 
6990 
7750 


Pt,  Ni. 
No.  12. 


1830 
2990 
5120 
5590 
7000 
9450 
10210 


Pt,  Pt  Ir 

20%. 
No.  14. 


800'-' 


2900 
8430 
8470 
8570 
9030 
9550 
13190 


Pt.Ptlr 

5%. 
No.  19. 


1028 
2605 
2610 
2500 
2660 
2720 
3090 


At  the  end  of  this  table  the  approximate  value  of  the  temperature 
reached  in  each  of  these  comparisons  is  given.  The  values  of  electro- 
motive forces  in  this  table  (No.  14  being  the  couple  common  to  all) 
show  that  the  variations  are  practically  uniform,  so  far  as  the  compari- 
sons go.    The  table  supplies  an  experimental  test,  which  corresponds 
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very  closely  to  the  mathematical  examination  of  a  function  for  conti- 
nuity. 

If  any  equation  between  electromotive  force  and  temperature,  such 
a  one,  for  instance,  as  e=a(T—t)  +  b(T2 — tf2),  were  rigidly  true  for  all 
ranges  of  temperature,  T,  then  our  methods  would  enable  us  to  calculate 
the  constants  a  and  b  from  measurements  of  e,  T,  t,  made  at  tem- 
peratures not  exceeding  the  boiling  point  of  mercury,  with  a  degree  of 
accuracy  which  would  introduce  a  perceptible  error  only  at  very  much 
higher  temperatures.  If  the  thermo-electric  equation  hold,  in  other 
words,  the  calibration  of  a  thermocouple  throughout  an  interval  of  tem- 
perature within  which  a  glass-bulb  air  thermometer  is  quite  available, 
would  enable  us  satisfactorily  to  measure  temperatures  lying  in  the 
regions  of  white  heat.  But  such  extrapolation  is  unwarranted  because 
we  possess  no  known  criterion  for  the  temperature  above  which  the 
assumed  equation  appreciably  fails. 

In  our  original  endeavor  to  surmount  this  difficulty  we  ventured  to 
reason  as  follows :  Suppose  there  be  given  a  series  of  thermo-couples  of 
the  kind  specified,  in  all  of  which  platinum  is  the  electro-positive  metal 
and  the  platinum  alloy  the  negative  metal.  In  such  a  series  the  con- 
stants a  and  b  both  vanish  with  the  amount  of  foreign  metal  alloyed  to 
platinum.  Hence  the  relation  between  electro-motive  force  and  temper- 
ature is  ultimately  linear,  and,  a  fortiori,  within  the  limits  prescribed  by 
the  foregoing  paragraph,  the  assumed  equation  will  apply  more  accu- 
rately as  the  couple  approaches  the  final  couple  platinum-platinum, 
from  which  the  foreign  metal  has  been  wholly  eliminated.  If  the  quad- 
ratic equation  (1)  is  more  than  an  empirical  relation,  it  would  be  practi- 
cally sufficient  at  an  earlier  stage  of  progress ;  i.  e.,  it  would  be  practi- 
cally sufficient  for  couples  lying  between  platinum-platinum  and  a 
couple  the  electro-negative  part  of  which  contains  a  certain  determinate 
addition  of  the  foreign  metal  of  the  series  under  consideration.  To 
illustrate  the  manner  of  using  such  a  principle,  let  a  series  of  couples 
whose  constants  are  known  from  a  calibration  between  0°  and  350°  be 
in  hand;  and  then  let  a  given  fixed  temperature  (the  boiling  point  of 
zinc  for  instance)  be  determined  by  each  of  them.  There  will  be  as 
many  values  for  boiling  point  as  elements.  If  we  regard  these  as  func- 
tions of  the  respective  quantities  of  foreign  metal  in  the  negative  parts 
of  the  couples,  and  if  we  represent  the  calculated  boiling  points  as  ordi- 
nates,  and  the  percentage  compositions  of  the  alloys  as  abscissa*,  we 
obtain  a  locus  the  nature  of  which  may  be  sufficiently  obvious  to  enable 
us  to  prolong  it  as  far  as  the  axis  Y.  The  point  of  intersection,  there- 
fore, approaches  very  closely  to  the  datum  of  the  hypothetical  element 
platinum-platinum. 

If  the  effect  of  alloying  metals  were  merely  that  of  joining  them  in 
multiple  arc,  the  interest  which  belongs  to  the  problem  in  hand  would 
at  once  vanish. 

For  if  ei  and  e2  be  the  electromotive  forces  of  two  wires  thermo  elec- 
Bull.  54 6  (735) 


82  MEASUREMENT    OF    HIGH    TEMPERATURES.  [bull.  54. 

trically  combined  with  platinum,  and  if  u\  and  w2  be  the  resistances  of 

these  wires,  then 

to  i 

ei+e2  — 


^2 


where  e  is  the  equivalent  electro-motive  force.    Hence  if  r=ivx  \  w2, 

e=j^{  (I,-«)(ai+fl2*')+(ft7-'fK6i+**r)  | 
which  may  be  abbreviated 

e=*{A(T-*)  +  B(Z*-*»)}. 
From  this  it  follows  that 


If  in  this  equation  w2=oo,  which  supposes  this  metal  to  vanish  from 
the  alloy,  and  if  additionally  «!  and  bx  be  made  equal  to  zero,  we  arrives 
at  an  expression  of  T  in  terms  of  -§-.  This  result  shows  that  howeverr 
near  we  may  approach  the  limit  couple  platinum-platinum,  any  thermal 
datum  derived  by  thermo-electric  means  will  none  the  less  be  depend- 
ent on  the  properties  of  the  metal  combined  in  multiple  arc  with  pla- 
tinum. 

In  the  case,  however,  of  metals  alloyed,  the  results  are  quite  different:: 
for  here  the  thermo-electrics  of  the  alloy  bear  no  intelligible  or  genera] 
relation  to  the  ingredient  metals  of  the  alloy,  so  far  as  our  present  knowl 
edge  goes.     Indeed  it  is  not  infrequent  to  find  the  admixture  of  an 
electro-negative  ingredient  produce  a  distinctly  electro-positive  result 
And  hence  it  follows  that  constants  referring  to  the  final  or  infinitely 
dilute  alloy  have  a  special  and  unique  significance.     In  the  final  alloy 
we  have  one  metal  combined  by  fusion  with  another  in  such  a  way 
as  to  produce  absolutely  no  variation  of  molecular  arrangement.     If 
therefore,  data  for  the  limit  couple  be  investigated,  they  are  those  from 
which  a  clue  respecting  the  dependence  of  the  thermo-electrics  of  tin 
compound  upon  those  of  its  constituents  may  most  probably  be  obtained 
Table  7  shows  the  sensitiveness  of  couples  to  be  frequently  such  thai 
the  final  element  platinum-platinum  may  be  approached  very  near,  and  il 
is  for  this  purpose  largely  that  the  table  was  dra  wu  up.     With  the  objecl 
of  basing  the  discussion  on  electric  data  exclusively,  the  constant  0' 
may  be  taken  as  a  symbol  of  the  composition  of  the  alloy-component  oj 
the  thermo-couples  of  a  given  series ;  and  hence  the  curves  or  loci  hen 
in  question  are  obtained  by  representing  any  fixed  datum  (for  instance 
the  value  of  the  boilingpoint  of  zinc  which  obtains  for  the  special  couple 
under  consideration)  as  a  function  of  a.     We  have  attempted  this  witL 
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the  data  in  Land,  but  they  are  not  yet  in  sufficient  number  to  give  any 
definite  hints  as  to  the  nature  of  the  relations  sought.  It  is  necessary, 
moreover,  to  confine  such  work  to  data  obtained  from  scrupulously  pure 
platinum  and  from  scrupulously  pure  alloys — conditions  which  in  case 
of  the  data  of  Table  7  are  not  vouched  for.  Indeed  the  table  gives  evi- 
dence of  the  varied  character  and  purity  of  platinum  derived  from  dif- 
ferent sources  and  shows  a  widely  different  electrical  behavior  of  nom- 
inally the  same  alloys. 

There  is  one  respect,  however,  in  which,  the  data  of  Table  7  are  crucial. 
They  show  that  extrapolations  based  on  the  equations  of  Avenarius  and 
of  Tait  lead  to  very  different  high  temperature  results.  They,  therefore, 
prove  that  these  equations  are  insufficient,  and  point  out  the  probable 
tendency  toward  an  anomalous  thermo-electric  behavior,  to  allotropic 
modification  and  polymerization  even  in  the  most  stable  alloys.1  Here- 
from it  follows  that  the  pyrometric  value  of  any  alloy  can  only  be  deter- 
mined by  a  minute  thermo-electric  survey  made  by  aid  of  the  air-ther- 
mometer, throughout  the  whole  range  of  variation  of  thermo-electro- 
motive  force  and  temperature. 

Intimately  connected  with  the  present  discussion  are  questions  relat- 
ing to  the  relative  variations  of  a,  b}  or  even  higher  constants  of  the 
thermo-electric  formula.  Tidblom  (1.  c.)  has  endeavored  to  throw  light 
on  this  subject,  not  without  success.  If  a  and  b  vanish  at  the  same  rate, 
then  the  data  of  the  limit  couple  are  as  truly  intrinsic,  i.  e.,  as  fully  de- 
pendent on  the  metals  of  the  series  to  which  the  couple  belongs,  as  any 
other.  But  if  b  vanish  at  a  rate  which  is  relatively  very  rapid  as  re- 
gards a,  then  the  thermo-electric  equation  becomes  ultimately  linear. 
Extrapolations  made  by  aid  of  the  limit  couple  will  therefore  be  more 

justifiable  in  proportion  as  the  fraction  _  tends  toward  zero. 

a 

1  Cf.  Le  Chatelier,  loc.  cit.  Our  own  results  (see  Table  6)  were  completed  iu  1884, 
but  in  consequence  of  delays  in  moviug  the  laboratory,  publication  was  delayed  (see 
Preface). 
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CHAPTER    II. 

THE    CALIBRATION    OF    ELECTRICAL    PYROMETERS    BY    THE  AID 
OF  FIXED  THERMAL  DATA. 

EXPLANATION. 

Iii  the  apparatus  described  in  the  foregoing  chapter,  great  masses  of 
metal  were  kept  at  the  boiling  point.  The  advantages  gained  from  a 
brisk  but  perfectly  free  circulation  of  vapor,  particularly  in  the  case 
where  the  vapor  is  of  small  specific  heat,  have  already  been  pointed 
out.  It  is  to  the  use  of  large  apparatus  that  Messrs.  Deville  and  Troost 
had  been  led  before  us.  In  their  experiments,  however,  the  direct  use 
of  the  air-thermometer  made  a  boiler  of  considerable  size  essential  from 
the  outset. 

Large  and  expensive  apparatus,  whatever  be  their  special  advantages, 
can  never  enjoy  extensive  use  in  the  general  laboratory.  It  is  there- 
fore the  object  of  the  present  chapter  to  describe  special  forms  of  appa- 
ratus by  which  calibrations  of  tiiermo-elements  may  be  quickly  and  safely 
made,  and  by  which  the  problem  of  thermo-electric  temperature  measure- 
ment may  be  reduced  to  an  ordinary  laboratory  experiment.1  The  de- 
gree of  error  to  which  the  observer  is  liable,  the  degree  of  constant  tem- 
perature attained,  the  selection  of  substances  having  convenient  boiling 
points,  and  finally  the  application  of  the  apparatus  to  a  variety  of  sub- 
stances for  boiling-point  measurement  will  constitute  the  chief  topics  of 
this  chapter.  The  boiling-point  apparatus  must  of  course  be  such  that 
ebullition  may  be  kept  up  indefinitely. 

APPARATUS  FOR  LOW  BOILING  POINTS   (100°   TO  500°). 

Original  forms  of  boiling-point  tube. — The  original  forms  of  boiling- 
point  apparatus  for  mercury,  for  sulphur,  and  for  aniline,  water,  etc., 
are  given  in  Figs.  7,  8,  9,  drawn  to  a  scale  of  £.  They  are  all  constructed 
on  essentially  the  same  principle,  slight  modifications  being  introduced 
to  meet  each  case.  The  apparatus,  Fig.  7,  consists  of  an  ordinary  glass 
lamp  chimney,  aaaa,  inverted  as  shown,  and  closed  at  its  lower  end  by 
a  plaster  of  Paris  ping,  bb.  surrounded  by  a  wrought-iron  cap,  cc.  The: 
cap  cc  is  larger  than  the  glass,  and  by  pouring  in  the  plaster  in  the 
moist  condition  and  allowing  it  to  set,  the  tube  is  firmly  secured  between 

1  Since  the  completion  of  the  work  of  the  present  chapter,  M.  Le  Chatelier  has  made 
pyrometric  experiments  with  ends  in  view  similar  to  those  here  proposed.     (Cf.  p.  50.)| 
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the  body  of  plaster  within  and  a  layer  of  plaster  braced  against  the 
iron  cap  without.  The  eap  cc  carries  an  iron  tube,  dd,  closed  above 
but  open  below,  and  occupying-  ;l  central  or  axial  position  with  respect 
to  the  glass  tube,  into  which  it  projects  about  two  inches  (dear.  The 
top  of  the  lamp-chimney  is  closed  by  a  suitable  cork,  ee,  doubly  perfo- 
rated, through  the  central  hole  of  which  is  inserted  a  wide  glass  tube, 
hi,  partially  closed  above  by  a  loosely  fitting-  stopper.  Through  the 
other  perforation  passes  a  glass  tube,  fg,  by  aid  of  which  some  gas  (N2, 
C02)  may  be  introduced.  The  glass  aaaa  is  partially  filled  with  the 
substance  whose  boiling  point  is  to  be  used  (in  the  present  instance 
mercury),  only  enough  being  poured  in  to  submerge  the  central  tube  dd 
with  the  exception  of  about  0.5cm  of  its  head.  To  keep  the  metal  in 
ebullition,  use  is  made  of  Dr.  Wolcott  Gibbs's  ring-burner,1  rr,  the  flame 
of  which  is  properly  regulated.  Very  thin  copper  or  brass  gauze,  or 
copper-foil,  m  m,  surrounding  the  part  of  the  glass  tube  encircled  by  the 
ring-burner,  is  sufficient  to  almost  completely  obviate  the  dangers  of 
breakage;  and  a  circular  screen  of  thick  asbestos,  nn,  bent  in  the  shape 
of  an  inverted  cone  protects  the  top  of  the  tube  dd  from  direct  radia- 
tion. Above  nn  it  is  well  to  surround  the  tube  aaaa  with  a  thick  jacket 
of  asbestos,  pppp,  extending  as  far  down  as  may  be  without  shutting 
the  surface  of  boiling  mercury  entirely  out  from  view.  The  mercury 
which  condenses  on  the  sides  of  the  tube  falls  back  in  small  drops  into 
the  mass  JcJc  below.     The  process  is  therefore  continuous. 

The  properly  insulated  thermo-couple  is  introduced  into  dd  from  be- 
low, and  the  hot  junction  is  pushed  forward  quite  as  far  as  the  top'of 
the  tube  d  d  and  slightly  above  the  surrounding  surface  of  mercury.  A 
screen  may  be  fastened  a  little  below  the  cap  c  c  to  shut  off  all  radiation 
from  the  cold  junction,  which  is  submerged  in  oil. 

The  apparatus  for  sulphur  in  Fig.  8  differs  from  that  in  Fig.  7  only 
in  that  the  wide  central  tube  hhii  has  within  it  a  second  glass  tube, 
qt,  partially  closed  above  with  a  cork.  This  second  tube  whenever  the 
passage  below  is  stopped  up  by  the  distillation  of  sulphur  may  be  at 
once  removed  and  a  similar  clear  tube  inserted.  A  slow  current  of  dry  car- 
bonic acid  gas  entering  at  g  passes  through  the  apparatus  during  ebul- 
lition. Subsequent  experiments  showed  that  with  suitable  changes  in 
the  apparatus  the  tube  hhii  as  well  as  gas  current  could  be  dispensed 
with.  This  will  be  referred  to  again  below.  The  sulphur  condenses  on 
the  sides  of  the  tubes  and  by  far  the  greater  part  runs  back  into  the 
mass  hlc  below.  There  is  a  line  of  deraarkation  encircling  the  tube 
where  the  temperature  is  the  melting  point  of  sulphur. 

For  liquids  with  a  boiling  point  below  that  of  mercury  and  sufficiently 
low  not  to  char  a  cork,  the  boiling  tube  may  be  considerably  simplified 
in  the  way  shown  in  Fig.  9.  Here  both  ends  of  the  lamp-chimney  are 
closed  with  a  cork  centrally  perforated  to  admit  a  long  glass  tube,  d  d, 

1  The  Gibbs  ring-burners  were  introduced  into  this  laboratory  by  Drs.  Goocb  and 
Cbatard,  and  have  since  become  invaluable. 
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extending  quite  through  the  tube  a  a  a  a  and  open  at  both  ends.  The 
tube  d  d  is  wide  enough  to  admit  a  mercury  thermometer  at  its  upper 
end,  held  in  place  by  a  cork,  g,  secured  by  an  end  of  rubber  tubing. 
The  lateral  tube  of  the  upper  cork  ee  is  here  somewhat  wide  and  long,  ' 
its  object  being  to  allow  of  the  escape  of  vapor,  should  this  be  neces- 
sary. By  suitably  regulating  the  flame  of  the  ring  burner,  however, 
the  heat  applied  may  easily  be  made  such  that  the  vapor  condenses 
near  the  middle  of  the  tube  fg  and  returns  to  the  liquid  below.  Thus 
the  process  is  again  continuous.  A  sharp  line  of  demarcation  around 
the  tube  fg  shows  the  part  of  it  where  the  temperature  is  just  low 
enough  for  the  condensation  of  the  liquid  used. 

Many  experiments  were  made  with  each  of  these  three  forms  of  ap- 
paratus, the  results  of  which  will  be  more  appropriately  given  below  in 
connection  with  other  similar  experiments. 

Perfected  form  of  boiling  tube. — The  three  forms  of  apparatus  for  low 
temperature  just  described,  each  of  which  contains  certain  special  de- 
siderata, can  be  combined  into  a  single  form  adapted  to  the  divers  cases 
specified.  This  final  form  is  given  in  Fig.  10,  scale  J.  The  glass  parts  were 
made  for  me  by  Messrs.  Whitall,  Tatum  &  Co.,  in  Philadelphia.  Special 
care  is  of  course  to  be  taken  to  have  the  tubes  well  annealed.  As  the 
lettering  of  Fig.  10  is  identical  with  that  of  Figs.  7  to  9,  only  a  few  addi- 
tional words  of  exx^lanation  are  necessary.  The  tube  a  a  a  a  is  completely 
closed  above  by  the  cork  ee,  and  communication  with  the  atmosphere  is 
effected  by  the  bent  glass  tube  h  ?",  ending  in  a  little  vessel,  g,  open  below 
and  rilled  with  asbestos  wool.  The  tube  g  is  a  filter,  catching  noxious 
mercurial  fumes  should  any  such  escape.  It  also  impedes  entrance  of 
air  when  the  boiling  tube  is  filled  with  some  other  gas.  The  central 
tube  d  d  is  closed,  of  course,  either  with  a  perforated  cork  carrying  a 
mercury  thermometer,  or  at  higher  temperatures  with  asbestos  wicking 
pushed  downward  into  the  tube  almost  as  far  as  the  point  o  of  the  thermo- 
couple. The  position  of  the  thermo-couple  o  a  and  o  ft  is  pretty  well 
represented,  the  two  wires  being  held  apart  by  a  doubly  perforated  in- 
sulator, o  y,  of  porcelain  or  of  fire-clay.  The  clamp  attached  to  the  lower 
end  of  the  tube  d,  which  holds  the  insulator  o  y  in  position,  is  easily  im- 
agined, and  is  therefore  omitted  in  the  figure.  When  the  screen  n  n  fits 
snugly  it  remains  in  place  of  its  own  accord,  or  it  may  be  wired  to 
the  gauze  covering  m  m.  The  boiling-tube  a  a  and  the  burner  r  r  being 
each  supported  by  an  ordinary  retort  holder  with  universal  clamps,  are 
easily  adjustable  at  pleasure. 

In  the  case  of  substances  which  are  spontaneously  inflammable  at 
their  boiling  points,  like  sulphur,  the  oxygen  of  the  tube  is  so  soon  ex- 
hausted that  ebullition  takes  place  without  interruption.  Hence  the 
introduction  of  special  gases  like  N2  or  0O2  is  rarely  necessary;  a  great 
advantage,  inasmuch  as  the  introduction  of  gas,  no  matter  how  slowly 
or  how  regularly,  always  interferes  with  the  constancy  of  temperature. 
In  case  of  mercury,  however,  the  metal  must  be  renewed  from  time  to 
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time,  otherwise  the  ebullition,  which  is  regular  in  the  case  of  pure 
metal,  becomes  irregular  and  bumping  when  it  holds  perceptible  quan- 
tities of  oxide  in  solution,  or  when  such  adhere  to  The  glass.  Solids 
may  be  either  melted  and  poured  into  the  tube  from  above,  or  they  may 


/R\ 


Fig.  10.  Perfected  form  of  boiling-tub 


Scab 


Fig.  10a.  Boiling-point  tube 
for  annealing  long  wires. 
Scale,  ,V 


be  introduced  as  powders  and  then  cautiously  melted.  In  case  of  or- 
ganic solids  heat  must  be  applied  very  gradually  to  prevent  charring 
or  gumming,  until  the  whole  mass  is  liquefied.  Usually  the  substance 
may  be  left  to  cool  and  solidify  in  the  tube  without  incurring  liability 
to  breakage,  a  special  tube  being  set  apart  for  each  boiliug-point  sub- 
stance. 
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If  the  thermoelement  is  removed  and  the  lower  end  of  the  tube  d d 
is  prolonged  downward  by  fastening  on  to  it  with  a  piece  of  rubber 
hose  a  similar  glass  tube,  t,  Fig.  10,  closed  below,  these  boiling  tubes  are 
obviously  well  adapted  for  annealing  long  wires  of  steel  or  metal,  for 
magnetic  or  other  purposes.  Such  wires  are  drawn  regularly  through 
the  hot  zone  by  clock-work;1  a  drum,  C.  taking  the  place  ot  the  hour 
hand,  from  which  drum  the  wires  to  be  annealed  are  suspended  by  a  very 
fine  copper  wire,  %i\    This  method  I  have  frequently  used  with  success. 

Boiling  point  tubes  for  pressure  work. — When  it  is  desirable  to  boil 
substances  under  pressure  greater  or  less  than  one  atmosphere,  a  form 


d 
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Fig.  11.  Boiling-point  tube  for 
pressure  work.   Scale,  J.- 


Fig.  11a.  Boiling-tube  for  pressure 
work,  with  accessories.   Scale,  TJ5. 


Cf.  Am.  Jour.  Sci.,  3d  series,  vol.  32,  1886,  p.  279. 
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of  tube  shown  in  Fig.  11  is  convenient.  This  differs  from  the  other 
forms  only  inasmuch  as  the  outer  tube  a  a  is  closed  upon  the  central 
tube  d  d  both  above  and  below.  A  special  lateral  tubulure,  h,  commu- 
nicating with  a  manometric  arrangement  subserves  the  purpose  of  vary- 
ing the  pressure  by  any  amount  compatible  with  the  strength  of  the 
tubes.  It  is  also  through  h  that  the  substance  to  be  boiled  is  intro- 
duced. It  is  by  means  of  this  arrangement,  that  I  purpose  to  study  the 
relation  between  boiling  point  and  pressure  over  long  ranges,  and 
for  mercury,  sulphur,  and  divers  other  substances.  The  thermo-ele 
ment  for  such  purpose  must  be  calibrated  with  the  re-entrant  glass  air 
thermometer  described  in  Chapter  IV. 

Tubes  of  this  kind  I  obtained  from  M.  Emil  Greiner,  of  Nassau  street 
New  York.  Glass  of  a  specially  hard  quality  is  made  by  Appert  freres 
Olichy,  France.  Inasmuch  as  M.  Troost  was  able  to  boil  selenium  in 
this  material  with  impunity,  the  upper  thermal  limit  of  the  glass  boil 
ing  tube  may  be  considered  given  by  the  boiling  point  of  selenium 
Tubes  of  the  kind  here  described  for  investigating  the  boiling-point 
pressure  functionality  are  the  simplest  and  at  the  same  time  the  most 


Fig.  12.  Ring-burner.     Scale,  £. 
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accurate  forms  yet  devised.  The  completed  adjustment  is  well  showr 
in  Fig.  11a,  where  />  is  the  boiling  tube,  R  the  ring  burner,  A  the  oil 
bath  for  the  cold  junction  of  the  thermo-couple,  JB  the  thermometer  ol 
the  cold  junction.  The  central  tube  is  closed  by  a  piece  of  asl 
wicking,  as  shown.  Communication  with  the  air-pump  takes  place 
through  C.    Mr.  Greiner  h.i-   -  succeeded  in  inserting  a  second 

tubulnre  in  the  top  of  the  boiling  tube,  Fig.  11,  through  which  a  mer 
cuiy  thermometer  may  be  inserted,  thus  affording  additional  means  ol 
thermal  comparison. 

Dr.  Cribb.s's  ring-burner. — A  final  reference  is  to  be  made  to  the  riug 
burner.  This  is  shown  diagrammatically  about  one-half  full  size  in  Fig 
1 2.  The  burner  proper,  a  b  e,  is  a  circularly  bent  tube  of  brass  or  iron,  of 
the  inner  side  of  which  about  forty  radially  disposed  hole-,  each  about 
0.l"u  in  diameter,  have  been  drilled.  The  straight  tube  ef  conned 
ring  with  the  injector,  the  tubedeadmit  .  the  influx  of  gas, 

tube/o  of  the  injection  of  air.  Both  the  tubes  d  e  and/o  are  i  rovidec 
with  stop  cocks.     Where  only  moderate  intensity  of  flam  sirabk 

gas  may  be  passed  in  at /and  the  tube  de  left  open.  Either  of  the 
tubes  de  or  ef  is  available  for  clamping  t  e  burner  in  t:  ring  stand] 
In  the  general  case  where  a  blast  is  necessary  Professor  Richards 
pneumatic  injector  is  most  easily  applicable.  The  pump  which  can  b< 
used  equally  well  either  for  slight  compressions  or  for  exhaustions  it 
now  in  such  general  laboratory  use  that  special  description  is  unneces 
sary. 

It  is  probable  that  for  special  purposes  boiling  tubes  of  larger  diam 
eter  will  be  preferable,  but  such  tubes  are  more  fragile  and  the  mania 
illation  is  of  necessity  less  expeditious. 

APPARATUS  FOR   HIGH   BOILING   POINTS. 

Original  forms  of  boiling  crucible. — The  tubes  ji  re  ni 

longer  convenient  when  the  boiling  point  of  the  substance  exeeeds  lov 
redness.  Iu  such  a  case  bellows  have  to  be  used  for  injecting  air  aut 
the  glass  tube  itself,  becoming  more  aud  more  viscous,  yields  gradual^] 
to  the  charge  of  metal  it  contains.  Hence  for  high  temperatures  it  i 
necessary  to  replace  the  glass  tube  by  crucibles  of  fire-clay  or  of  poroi 
lain.  In  Fig.  13  I  have  given  the  original  form  of  au  apparatus  of  thi 
kind.  Ir  consists  essentially  of  two  French  crucibles,  a  a  a  a  and  b  b  bb 
put  together  on  the  rlat  open  end,  which  it  is  well  to  grind  smootl 
Both  crucibles  are  perforated.  A  porcelain  tube,  d  </,  has  bet 
men  ted  into  the  lower  crucible  with  asbestos  cement.  This  tubf 
1  above,  open  below,  and  glazed  exteriorly,  is  to  contain  the  thermc 
element.      Through  the  tube  a  h  above,  some  I  .'  _ 

hydrogen,  may  be  introduced,  the  tube  g  h  bei    g  g     ss  or  ] 

lain.     The  lower  crucible  is  partially  til!'  ther  sul 

stauce,  fcfc,  whose  boiling  point  is  to  be  used,  .       ken  to  ir 
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troduce  no  more  than  is  just  necessary  to  cover  the  central  tube  <l<l. 
The  lower  crucible  is  surrounded  by  a  furnace,  FF FF,  made  of  the 
same  non-conducting  mixture  which  is  used  in  Fletcher's  small  injector 
furnace.  Heat  is  communicated  by  means  of  the  injector  blow-pipe  A 
B  (7,  gas  entering  at  the  tube  C,  air  at  E.  Both  G  and  E  are  provided 
with  stopcocks.    The  products  of  combustion  escape  at  D.    The  cru- 
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Fig.  13.  Original  form  of  boiling  crucible.     Scale,  J. 

cible  a  acta  has  been  fitted  into  the  bottom  of  F  F,  through  which  the 
central  tube  dd  projects.  All  cracks  and  crevices  are  closed  up  with 
carded  asbestos.  In  this  way  the  space  below  the  furnace  remains 
practically  cold  and  the  thermo-element  may  be  inserted  or  withdrawn 
with  great  convenience.  A  few  screens  protect  the  cold  junction  from 
radiation  altogether. 

Perfected  forms  of  boiling-point  crucible. — This  double  crucible  appara- 
tus behaves  excellently  until  the  extreme  white  heats  are  reached,  after 
which  the  porcelain  and  the  cement  become  viscous,  and  leakage  and 
failure  of  the  experiment  is  the  invariable  result.     Moreover,  the  influx 

(745) 


92 


MEASUREMENT    OF    HIGH    TEMPERATURES. 


[bull.  54. 


of  cold  hydrogen  is  not  unobjectionable,  and  it  is  probable  that  by  using 
closed  forms  H2  may  be  dispensed  with.  I  was  fortunate,  therefore,  in 
obtaining  crucibles  of  tire- clay  from  Messrs.  Hall  &  Son,  made  in  such 
a  way  that  both  crucible  and  central  tube  are  one  single  piece.  A 
crucible  of  this  kind  is  shown  in  place  in  Fig.  14,  in  which  the  parts 
have  been  numbered  similarly  to  Fig.  13.    A  conical  shape  is  here  given 
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Fig.  14.  Perfected  form  of  boiling-point  crucible.     Scale,  |. 

to  the  crucible,  with  the  object  of  decreasing  the  essential  charge  oil 
zinc  and  of  thereby  expediting  the  boiling.  The  furnace-body  jPjPandl 
lid  F'  F'  are  both  properly  bound  with  iron,  as  shown  at  mm)  mm,  nun. 
and  the  body  rests  on  a  bed-plate  of  iron,  z  z,  provided  with  a  hoh 
through  which  the  botttom  of  the  crucible  a  a  partly  projects.  Z  m 
is  raised  on  rather  tall  legs,  allowing  the  operator  to  manipulate  th( 
thermo-elements  from  below.  The  crucible  projects  above  the  furnace, 
and  the  lid  b  b  is  shouldered.     A  battery  of  three  or  four  of  these  fur 
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naces  may  be  placed  on  the  same  bed-plate,  in  a  row.  Each  furnace  is 
provided  with  its  own  burner,  all  of  which  are  fed  from  the  same  bellows 
and  the  same  gas-supply  (see  frontispiece  under  D).  It  is  best  for  this 
purpose  to  attach  the  bellows  (Fletcher's  pattern)  to  an  engine,  on  a 
very  short  crank.  The  pressure  of  air  may  then  be  regulated  by  in- 
creasing the  length  of  the  crank.  Burners  constructed  on  the  plan 
described  at  length  below  (page  183),  only  on  a  smaller  scale,  are  prefer- 
able. They  do  not  ex|)lode  back.  For  very  high  temperatures  two 
and  even  three  such  burners  may  be  made  to  impinge,  on  the  same 
crucible.  For  cadmium  or  zinc  a  single  burner  is  more  than  sufficient. 
At  high  temperatures  the  efflux  hole  D  may  be  partially  closed  with 
asbestos.  The  products  of  combustion  escape  uniformly  on  all  sides 
around  the  plaue  where  the  furnace-body  and  furnace-lid  meet.  A  ring 
of  asbestos,  placed  around  the  crucible  to  protect  it  .from  the  flame  of 
the  burner,  is  soon  fluxed  down  upon  it,  and  is  apt  tc  destroy  the  cru- 
cible.    A  ring  of  baked  fire-clay,  however,  is  good. 

The  crucible  shown  in  Fig.  14a  is  intended  for  work  in  which  the 
variations  of  boiling  point  and  pressure  are  to  be  investigated.  It  is 
made  of  refractory  porcelain  and  glazed  within.  The  lid  cab  fits  pretty 
snugly  into  the  crucible  efd,  so  that  the  two  may  be  sealed  hermetically 
at  the  joint  c  d  by  sodium  tungstate  (Gooch)  or  other  material.  The 
tube  at  a  is  in  connection  with  the  air-jminp.  Such  cr.icibles  are  avail- 
able for  the  ebullition  of  salts  of  selenium,  cadmium,  zinc,  and  probably 
antimony  and  bismuth  in  vacuum.  Being  made  of  porcelain  they  can 
be  more  elegantly  shaped  than  fire-clay  crucibles,  but  they  become  se- 
riously viscous  at  a  lower  temperature. 

A  second  form  of  boiling  crucible  is  shown  in  Fig.  15.  It  differs  from 
Fig.  14  only  in  this  respect,  that  the  central  tube  d  d,  which  in  Fig.  14 
is  closed  just  below  the  surface  of  the  boiling  metal,  in  Fig.  15  extends 
quite  through  the  crucible  and  out  of  the  top.  The  latter  form  has  the 
advantage  that  the  degree  of  constancy  of  temperature  along  the  length 
of  the  tube  may  be  explored  by  inserting  an  insulated  thermo-element. 
The  part  of  this  tube  above  the  surface  of  ebullition  is  closed  during  the 
measurement  with  a  fire  clay  plug,  and  at  the  top  with  asbestos  wick- 
iug.  The  form  shown  in  Fig.  15  may  also  be  used  for  annealing  wires 
at  definite  high  temperatures,  by  drawing  them  through  the  zone  of 
ebullition  by  clock-work  (cf.  Fig.  10a).  This  form  has  therefore  many 
decided  advantages  over  that  in  Fig.  14,  with  the  one  serious  disadvan- 
tage of  being  much  more  fragile.  Fortunately  it  appears  from  the  data 
below,  that  the  more  practical  form,  Fig.  14,  is  quite  reliable  as  regards 
accurate  value  of  the  boiling  points  attained. 

In  all  cases  the  substance  to  be  boiled,  1c  k,  must  surround  the  tubes 
d  d  below  the  plane  of  the  burners,  even  more  than  has  been  shown  in 
Fig.  14.  When  this  is  the  case  no  part  of  the  tube  d  d  will  be  at  a  tem- 
perature higher  than  the  boiling  point  of  k  k,  a  desideratum. 

In  case  of  Zn,  Cd,  and  other  metals  the  crucible  must  be  glazed  in- 
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ternally  either  with  borax,  or  with  silicate  of  soda  or  with  some  fusi- 
ble porcelain  glazing,  otherwise  the  vapors  at  once  permeate  the  central 
tube  d  d  and  corrode  the  thermoelement  within.  The  presence  of 
vapor  may  be  discovered  by  inserting  a  porcelain  pipe-stem  into  d  d 


Fig.  14a.   Boilinjr-point  crucible 
for  pressure  work.    Scale,  \. 


Fig.  15.  Boiling-point  cruci- 
ble, open  tube.     Scale,  \. 


and  rapidly  withdrawing  it.  Metallic  vapor,  if  present,  usually  coats 
the  white  stick  with  a  black  metallic  covering,  which  rapidly  oxidizes. 
Bi,  Sb,  Sn,  Pb,  etc.,  glaze  the  interior  of  the  crucible  in  virtue  of  the 
fluxing  power  of  their  oxides.  This  corrosive  action  eventually  becomes 
sufficiently  active  to  eat  its  way  through  the  central  tube  and  discharge 
the  contents  through  the  bottom. 

A  single  crucible  seldom  will  stand  more  than  one  ebullition,  but  a 
single  ebullition  may  be  prolonged  many  hours.  If  a  zinc  crucible  be 
broken  open  when  cold  the  walls  are  found  to  be  covered  with  a  coat- 
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iug  of  metal  consisting  of  solidified  drops  of  zinc,  which  were  distilled, 
recondensed,  and  ran  back  again  down  the  sides.  In  the  same  way  the 
central  tube  is  kept  covered  with  a  coating  of  zinc.  Zinc  dust  escapes 
at  the  joint  between  lid  and  crucible,  and  eventually  melts,  forming  an 
impervious  joint.  Zinc  dust  also  escapes  where  the  hydrogen  tube 
enters  the  lid.  In  case  of  zinc  and  cadmium,  this  is  an  excellent  cri- 
terion of  ebullition.  In  all  cases  the  burners  are  to  be  shut  off  until  the 
escape  of  metallic  dust  at  h  is  only  just  apparent.  Metals  like  Sb,  Bi, 
have  no  such  boiling  point  criteria,  and  whether  or  not  the  metal  has 
boiled  becomes  a  matter  of  conjecture.  Tin  charges  slag  so  heavily  that 
the  metal  is  soon  jacketed  with  a  thick  viscous  coat  and  the  state  of 
the  metal  under  it  can  not  be  known.1 

INSULATORS. 

A  very  essential  part  of  the  thermo-element  is  the  insulator.  The 
device  which  after  very  many  trials  I  finally  adopted  therefore  de- 
serves careful  description  here.  These  iusulators  are  thin  stems  (0.45crn 
in  diameter,  or  larger),  contaiuing  two  parallel  canals,  as  far  apart 
(0.20cm)  as  possible,  and  about  0.1cm  in  diameter  each.  In  order  that 
these  stems  may  be  of  value,  they  must  be  made  in  a  way  which  affords 
a  perfect  guaranty  that  throughout  the  length  of  the  insulator  the 
canals  nowhere  coalesce.  The  following  machine,  Figs.  1G,  17,  by  aid 
of  which  insulators  of  almost  any  diameter  and  with  any  number  of 
holes  or  canals  may  be  made  in  lengths  of  25cm  to  30cm  or  more,  gives 
full  warrant  to  this  assumption.  The  tubes  are  simply  pressed  after 
the  well-known  manner  used  in  the  manufacture  of  lead  pipe. 

In  Fig.  16  (scale  J)  A  B  is  a  thick  scantling  of  wood,  fastened  ver- 
tically, to  which  a  short  cross-scantling,  0,  is  firmly  braced  by  bolt- 
ing two  boards,  shaped  as  in  the  figure  laterally  against  both  A  B 
and  B  G.  B  G  carries  a  barrel  of  strong  gas-pipe,  a  a  a  «,  out  of 
which  the  porcelain  is  to  be  pressed.  To  secure  a  a  a  a  the  piece  G  has 
been  cut  apart  in  the  middle  parallel  to  the  plane  of  the  paper,  and  the 
hole  for  the  barrel  is  somewhat  scant.  Heuce  when  the  two  halves  of  G 
are  drawn  together  by  a  couple  of  strong  bolts  the  barrel  is  almost  im- 
movably fixed.  The  barrel  is  surmounted  by  a  cap,  cc,  through  which 
passes  a  piston  or  plunger,  d  e,  which  can  be  moved  up  and  down  by 
the  handle///  in  the  way  which  the  figure  readily  shows.  The  lower 
end  of  the  barrel  is  closed  by  the  die.-cap  h  h.  A  lateral  hole,  b,  allows 
of  the  introduction  of  porcelain  or  fire-clay  slip  until  the  barrel  is  quite 
filled.     Downward  motion  of  the  plunger  forces  the  slip  through  the 

1  Experiments  since  made  with  the  crucibles,  Fig.  14rt,  showed  that  the  vacuum 
boiling  point  of  Bi  is  easily  reached.  To  get  a  tight  joint  at  e  d,  the  space  between 
lid  and  crucible  is  first  calked  with  fibrous  asbestos.  A  ring  of  fusible  metal  is  then 
poured  upon  it.  This  melts  at  high  temperatures  ;  but  when  the  joint  is  well  made, 
it  is  not  forced  through  into  the  crucible.  In  future  experiments  I  purpose  to  have 
the  whole  crucible  made  in  a  single  piece.     Cf.  Preface. 
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die,  the  construction  of  which  is  as  follows:  A  narrow  but  strong  arch 
of  brass,  i  i,  carries  two  steel  needles,  n,  which  i>roject  symmetrical^ 
into  and  through  the  brass  tube  Zc.  It  is  obvious  that  the  slip,  on  beinj. 
forced  around  the  arch  and  needles,  issues  from  the  tube  1c  as  a  biper 
forated  tube,  the  dimensions  of  which,  either  as  to  external  diameter  o 
diameter  of  canals,  depends  solely  on  the  thickness  of  the  needles  ant 
width  of  the  tube  h  selected,  and  can  therefore  be  varied  at  pleasure 
It  is  also  obvious  that  the  number  of  canals  is  immaterial  so  far  as  tin 
application  of  method  is  concerned.  Fig.  17  (scale  \)  gives  the  die  f o  i 
making  the  tine  porcelain  tubing  used  in  the  crucibles,  Fig.  13,  above. 


Fig.  17.  Die  for  porcelain  tubes.    Scale,  {. 


When  the  slip  is  of  proper  consistency  the  tubes  issue  from  the  di< 
in  a  single  length  so  long  as  the  pressure  of  the  plunger  continues 
Tubes  longer  than  a  foot,  however,  break  by  their  own  weight  if  sue 
pended  wet.  Hence  it  is  desirable  to  cut  them  off  by  a  thin  rectangula 
pine  board  of  about  1  foot  in  length,  held  with  its  long  edges  near! 
vertical  and  its  plane  also  slightly  oblique  to  the  vertical.  A  grea 
number  of  consecutive  lengths  of  1  foot  may  be  laid  side  by  side  i; 
this  way,  like  the  bars  of  a  gridiron,  and  then  allowed  to  dry  on  th 
board  before  firing.  Insulators  of  porcelain  are  smooth  and  compact 
but  they  become  viscous  and  are  even  apt  to  fuse  at  higher  temperatures 
Under  these  circumstances  they  not  only  stick  to  the  central  tubes  c 

1  The  brass  arch,  i  i,  to  hold  the  pins  w,  was  suggested  to  me  by  Doctor  Halloed 
In  my  original  apparatus  the  pins  were  fastened  to  the  plunger. 

(750) 


BARU8.] 


CALIBRATION    OF    ELECTRICAL    PYROMETERS. 


97 


the  crucibles  (Figs.  13,  14, 15),  but  they  become  electrically  conducting 
and  are  objectionable.  Insulators  of  fire  clay  are  therefore  preferable, 
inasmuch  as  they  are  at  least  as  refractory  as  the  crucibles,  and  Messrs. 
Hall  &  Sons,  of  Buffalo,  to  whom  I  sent  the  above  machine,  succeeded 
excellently  in  making  them.  Work  with  fire-clay  calls  for  great  expe- 
rience and  skilled  manipulation,  and  it  is  therefore  best  to  put  this  work 
into  trained  hands.  The  Buffalo  insulators  are  25cm  to  30cm  long.  I 
received  two  sizes,  the  larger  of  which  is  O.G5cm  thick  and  the  smaller 
only  0.45cm  thick.  The  capillary  canals  in  both  cases  are  slightly  less 
than  0.1cm  in  diameter.  The  rods  are  hard  and  firm  and  withstand  con- 
siderable usage. 

METHOD   OF   MEASUREMENT. 

Thermo  element. — A  zero  method  of  measurement  has  been  used 
throughout.  All  results  for  thermo-electric  force  are  referred  to  the 
Latimer-Clarke,  and  other  standards.  This  has  the  advantage  of  not 
requiring  an  iron-free  observatory  for  magnetic  work,  a  desideratum 
with  which  I,  for  instance,  had  to  dispense.  The  thermo  electric  use  of 
the  zero  method  was  first  introduced  by  Kohlrausch  and  Ammaun.1 
Dr.  Strouhal  and  I  introduced  certain  improvements  by  which  this 
method  can  be  made  to  yield  results  of  exceptionally  great  accuracy. 
These  improvements  have  been  described  in  Bulletin  No.  14,  U.  S.  Geol. 
Survey,  p.  34,  but  in  the  interest  of  completeness  it  is  desirable  to  re- 
capitulate the  chief  features  of  this  method  here,  also  to  make  compari- 
sons of  the  electromotive  force  of  the  hydroelectric  standards. 


Fig.  18.  Disposition  of  thermo  electric  apparatus. 


Fig.  19.  Double  key. 


In  Fig.  18  a  diagram  of  the  connections  as  actually  made  with  some 
view  to  the  practical  disposition  of  apparatus  is  given.  In  this  figure 
B  Rl  are  rheostats  with  1  to  50,000  ohms  available,  r  a  bridge  rheo- 
stat with  pairs  of  units  0.1,  1,  10, 100, 1,000,  and  10,000  ohms  available. 
A  and  B  are  commutators,  IT  and  C  keys.  The  terminals  of  the  thermo- 
couple communicate  respectively  with  the  points  Pi  and  P,.     This  is 

1  Kohlrausch  u.  Aminaim :  Pogg.  Aim.,  vol.  21,  1870,  p.  450. 
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the  cold  junction  of  the  couple,  and  to  keep  Pi  and  P3  at  the  same  teni- 
perature  they  are  submerged  in  petroleum.  From  P  the  copper  wires 
pass  through  the  commutator  J3,  and  thence  one  of  them  passes  through 
the  double  key  K,  through  a  second  key,  0,  to  the  terminal  r3  of  the 
bridge  rheostat  r.  The  other  terminal  passes  through  the  galvanome- 
ter G  and  thence  to  rx.  This  is  the  first  branch  of  the  zero  adjustment, 
the  second  branch  being  furnished  by  the  rheostat  r,  the  ends  of  which 
also  terminate  at  i\  and  r3.  Finally  the  terminals  of  a  pair  of  zinc  sul- 
phate Daniells  E  pass  through  the  commutator  A;  from  here  one  ter- 
minal passes  through  the  key  K  and  through  G  to  r3,  the  other  passes 
through  the  large  rheostats  R  Rx  and  then  to  riy  completing  the  third 
branch. 

When  the  current  is  zero  in  G 

r 

e=E  Trr~ 

where  e  is  the  electro-motive  force  at  c,  E  the  electro-motive  force  at  E  in 
the  figure;  where  R  is  the  resistance  at  R  R',  and  r  the  resistance  at  r  in 
the  figure.  By  means  of  the  key  K  two  circuits  conveying  currents  due 
to  E  and  e  are  closed  simultaneously.  It  is,  however,  essential  that  they 
be  so  closed  as  to  act  differentially  on  the  galvanometer  G  at  once.  Other- 
wise there  is  danger  of  throwing  the  needle  violently  against  the  stops. 
Hence  in  filling  the  cups  of  mercury  Ku  K2,  K3  care  is  taken  to  keep 
the  level  of  mercury  in  K2  and  K3  decidedly  above  that  in  Kx.  When 
the  metallic  prongs  of  the  key  descend  to  close  the  circuits,  the  one 
not  passing  through  the  galvanometer  is  closed  first,  and  a  moment  after 
the  differential  current  passes  through  G  at  once.  A  diagrammatic 
section  through  the  mercury  cups  of  Jf  is  given  in  Fig.  19.  The  make- 
circuit  strip  K'  is  of  amalgamated  copper  on  a  spring  which  keeps  it 
open  against  a  stop.  Circuits  may,  therefore,  be  made  and  broken 
almost  instantaneously.  The  object  of  the  key  G  is  to  enable  the  ob- 
server to  use  pairs  of  the  resistances  of  the  bridge  rheostat  r,  either  in 
series  or  in  multiple  arc.  By  connecting  G4  and  G\  only,  these  resist- 
ances are  used  in  series;  by  connecting  C]  and  c2  as  well  as  c3  and  c4they 
are  used  in  multiple  arc.  The  available  resistances  are  thus  0.05,  0.10, 
0.20,  0.5,  1.0,  2.0,  etc.,  as  far  as  about  20,000.  The  fine  adjustment  is 
made  at  P,  which  is  variable  in  single  units  whose  mean  value  is  al- 
ways large.  Varying  r  in  steps,  in  this  way,  greatly  facilitates  the 
computation. 

The  electro  motive  force  obtained  as  above  is  never  wholly  due  to  the 
thermo-element  at  P:  P2  alone.  It  contains  a  disturbing  electro-motive 
force  6,  resulting  from  the  accidental  distribution  of  temperature,  in 
connections  which  can  not  be  thermo-electrically  identical  throughout. 
For  a  short  period  of  time  (that  of  an  observation)  £  may  be  considered 
nearly  constant,  or  at  least  varying  linearly.  It  may  therefore  be 
eliminated,  very  nearly  at  least,  by  two  commutators,  A  and  P,  as  Dr, 
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Strouhal  and  1  Lave  shown.1  In  a  series  of  corresponding  positions  of 
these  commutators,  alternately  opposite,  the  direct  measurements  would 
give 

•+Jfl    -a^~     ~^E~    -=«25-  +  h]  =  a3;etc. 

where  an  odd  number  of  observations  is  made.  Let  M\  be  the  mean  of 
the  odd  right-hand  members,  and  7J/2  the  mean  of  the  even  right-hand 
members.    Then 

^=^(Ml  +  M2). 

In  the  case  of  small  electro-motive  forces  this  elimination  is  essential. 

Standards  of  electromotive  force. — Inasmuch  as  all  measurements  are 
based  upon  the  constancy  of  the  double  Daniell  E,  it  is  obvious  that 
the  value  of  this  electro-motive  force  will  have  to  be  frequently  tested. 
This  can  be  done  very  simply  and  with  accuracy  by  replacing  the 
thermo-couple  by  a  Latimer-Clarke  or  other  standard  element  and  pro- 
ceeding with  the  measurements  as  usual.  It  is  to  effect  this  compen- 
sation that  the  rheostat  r  must  have  a  large  resistance,  20,000  ohms, 
available.  For  thermo-electric  work  r  =  0.1  to  500  ohms  suffices.  For 
a  similar  reason  two  Daniells  are  used  instead  of  one.  Currents  are 
made  only  momentarily,  and  approximate  values  of  r  and  R  are  always 
known.  The  constancy  of  my  Latimer-Clark's  cells  has  certainly  been 
exemplary,  and  it  was  thus  easily  possible  to  reduce  the  Washington 
results  to  the  older  results  obtained  in  New  Haven  in  a  way  that  estab- 
lished the  general  accordance  of  data  beyond  a  doubt.  In  addition  to 
the  Latimer-Clark  standards,  I  possessed  for  comparison  a  number  of 
siphon  Daniells,  certain  Beetz's  dry  Daniells,  and  a  special  form  of  nor- 
mal Daniell  of  my  own  which  merits  description.  In  this  battery  it  is 
impossible,  correct  usage  presupposed,  for  the  copper  sulphate  to  con- 
taminate the  zinc.  Zinc  and  zinc  sulphate,  copper  and  copper  sulphate, 
are  kept  in  separate  bottles,  and  are  only  in  electric  contact  during  the 
few  minutes  of  measurement.  In  Fig.  20  the  Zu-Zn  S04  bottle  is  on  the 
left,  the  Cu-Cu  S04  bottle  on  the  right.  Each  bottle  is  provided  with 
an  h-shaped  siphon  of  glass,  the  longer  shank  of  which,  a  b  c,  is  closed 
above  by  a  rubber  cap,  ay  and  below  by  a  cap  of  parchment  paper  tied 
on.  The  shorter  shank  d  dips  into  a  little  vessel,  A,  containing  Zn  S04 
in  solution.  When  not  in  use  the  siphon  tube  is  nearly  empty.  Before 
using  both  tubes  are  rinsed  thoroughly  with  Zn  SG4  solution  by  com- 
pressing and  relieving  the  caps  a.  When  clean  they  are  filled  in  the 
same  way  with  the  Zn  SG4  of  the  dish  A.  After  using,  both  siphons  are 
emptied  by  working  the  cap  a  as  usual,  and  the  ends  d  are  closed  by 
special  caps  (not  shown)  to  prevent  evaporation.  It  is  obvious  that  if 
the  rinsing  be  properly  done  Cu  S04  can  not  possibly  get  into  the  zinc 
flask  to  contaminate  the  metal.     Zn  therefore  remains  bright  for  years. 

I  Bull.  U.  S,  Geol.  Survey,  No.  14,  p.  35, 
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Results  obtained  by  comparing  divers  standard  elements  from  1883 
to  1888  are  given  in  the  next  tables.  Unfortunately  time-magnetic 
measurements  are  not  feasible  in  our  laboratory,  with  a  degree  of  cer- 


Fig.  20.  Standard  Daniell.    Scale,  f. 

tainty  to  warrant  their  adoption.  Nevertheless  by  comparing  Latimer- 
Clark  and  Daniell  standards,  the  respective  tendencies  to  variation  of 
which  are  probably  of  an  opposite  character,  some  corroborative  in- 
formation may  be  obtained.  In  the  next  table  the  time  or  date  of  com- 
parison is  given  in  the  first  column.  The  next"  five  columns  contain 
data  for  Latimer-Clark  elements,  of  which  Nos.  D,  -£/,  F  were  made  by 
myself.  Nos.  114  and  115  are  Elliott  standards.  Curiously  enough,  the 
latter  are  neither  as  rigorously  constant,  nor  is  their  internal  resistance 
as  small  relatively  as  is  the  case  in  my  own  standards.  I  have  reason 
to  believe  that  one  or  both  of  the  Elliott  standards  suffered  by  trans- 
portation, for  in  the  examination  made  in  1887  No.  115  was  found 
entirely  out  of  order  and  was  necessarily  discarded.  In  the  siphon 
Daniells  the  two  jars  are  like  those  in  Fig.  20,  except  in  so  far  as  they 
are  permanently  joined  by  a  siphon.  This  siphon  is  filled  with  zinc 
sulphate  through  a  small  vertical  tubulure  during  use,  and  emptied 
after  using.  With  all  precautions,  however,  it  is  impossible  to  keep 
the  copper  sulphate  from  diffusing  into  the  zinc  jar  and  corroding  the 
metal.  Hence  this  siphon  form  is  inferior  in  efficiency  to  the  separate 
cell  form  Q  already  described.  Beetz  standards1  are  also  made  by 
myself.    Electromotive  forces  are  given  in  volts. 

1  Wiedemann  Ami.,  vol.  23,  1884,  p.  402. 
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Standard  Daniell  cells. 

Date. 

Latimer- Clark  standards. 

Siphon-joined  cells. 

Sepa- 
rate 
cells. 

Beetz  {xypsuin 

cells. 

Tem- 
pera- 
ture. 

D. 

E. 

F. 

Elliott, 
114. 

Elliott, 
115. 

G. 

H. 

I. 

Q- 

9- 

h. 

i. 

Dec.  18,  1883.. 

1.420 
1.420 
1.420 
1.420 
1.  420 

1.420 
1.420 
1.426 
1.427 

1.428 

1.420 
1.420 
1.426 
1.426 
1.430 

(1.056) 
1.050 

(*) 

U4° 

Jan.  2,  1884  . . 

1.384 
1.371 
1.350 

1.  403 

1.050 

1.052 

Oct.  26   1885 

1.083 
1.  022 
1.030 

1.083 
1.  037 
1.024 

1.081 
1.013 

+19° 

§20° 
28° 

Mar.  22,  1886 

1.306 

1.076 
1.  079 

1.074 

1.075 

Aug.  13,  1887. 





*  Immediately  after  making  the  Latimer-Clark  elements  D,  E,  F. 
t  Immediately  after  making  the  Daniell  G,  IT,  I. 
t  Immediately  after  receiving  the  Elliott  standards. 
§  Immediately  after  making  the  Daniell  Q. 

In  the  construction  of  this  table  the  element  D  is  assumed  to  be  con- 
stant, aud  with  this  premise  the  data  of  the  table  are  at  once  intelligi- 
ble. I  need  only  remark  that  my  Latimer-Clark  standards,  as  compared 
with  the  separate-celled  Daniell  Q  during  the  seventeen  months  of  ob- 
servation, are  as  good  as  absolutely  constant.  It  is  for  this  reason  that 
I  am  warranted  in  placing  much  confidence  in  the  data  of  both  these 
couples,  of  which  the  Daniell  has  the  advantage  of  constancy  and  the 
disadvantage  of  less  facile  manipulation.  The  siphon  Daniells  are  in- 
ferior to  the  form  Q,  as  are  also  the  Beetz  patterns,  concerning  which, 
however,  it  is  necessary  to  remark  that  the  gypsum  mixture  of  copper 
sulphate  and  zinc  sulphate  solutions  were  probably  too  moist.  I  found 
after  a  time  that  the  line  of  demarkation  had  disappeared  and  that  the 
solutions  must  have  diffused  into  each  other. 

It  will  be  seen  that  the  elements  D,  E,  F,  though  identical  among 
themselves,  differ  considerably  from  Elliott's  Latimer-Clark's;  not  more 
so,  however,  than  Elliott's  elements  differ  among  themselves.  A  much 
more  curious  result  was  obtained  in  measuring  the  temperature  coeffi- 
cients of  the  siphon  Daniell's  and  the  Latimer  Clarke's.  To  do  this 
the  elements  were  first  covered  with  melting  snow  and  afterwards  sub- 
merged in  water  heated  to  different  temperatures.  Measurements  were 
made  by  the  zero  method  described,  and  to  give  additional  certainty  an 
auxiliary  Daniell  was  used  for  comparison.  In  other  words,  the  ele- 
ments g,  h,  i,  E,  F,  heated  to  the  temperature  specified,  were  compared 
with  D  and  B  kept  cold,  by  inserting  them  alternately  in  the  same  con- 
nections ;  I)  was  compared  b'y  a  galvanometer  method.  The  main  com- 
parisons were  made  in  1883,  certain  corroborative  data  added  in  1887. 
a  is  a  mean  constant,  derived  graphically  and  intended  for  practical 
reductions  only.     Electromotive  forces  are  given  in  volts. 
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Taple  10. — Temperature  variations  of  the  Latimer-ClarJc  standards  D,  E,  F. 

1883. 


t. 

Standard  No.  E. 

Standard  No.  F. 

Standard  No.  I). 

a 
Mean  temperature  co- 
efficient of  D,  E,  F. 

E. 

Check 
Daniell 
at  20°. 

E. 

Check 
Daniell 

at  20°. 

t. 

E. 

0 

1.424 

1.072 

1.425 

1.072 

0 

1.422 

Between  0°  and  40°. 

14 

1.  421 

1.072 

1.420 

1.072 

15 

1.420 

17 

1.420 

1.072 

1.421 

1.072 

29 

1.415 

a= -0.00020. 

21 

1.419 

1.072 

1.419 

1.072 

40 

1.409 

27 
36 
41 
48 

1.417 
1.414 
1.411 

1.407 

1.072 
1.072 
1.072 
1.072 

1.417 
1.414 
1.411 
1.407 

1.072 
1.072 
1.072 
1.072 

^  Later  and  earlier 

0 
10 

1.425 
1.423 

54 

1.404 

1.072 

1.404 

1.072 

13 

1.421 

60 

1.400 

1.072 

1.400 

1.072 

1887. 


0 

27 

1.439 
1.426 

1.076 
1.075 

1.  439 

1.428 

1.076 
1.074 

Between  0°  and  30°. 
a= -0.00023. 

Table  11. — Temperature  variations  of  the  siphon  Daniell  standards. 

1883. 


The  electromotive  force  and  temperature  coefficient  of  the  Latimer- 
Clark  standard  lias  been  much  discussed.  Besides  Clark's1  original  in- 
vestigation, v.  Ettinghausen,2  who  cites  the  relevant  researches  (Clark, 
Helmholtz,  Kittler,lTppenborn,  Alder  Wright)  and  Rayleigh3  have  given 
it  critical  study.  My  own  temperature  coefficient  is  smaller  than  that 
ordinarily  given,  and  indeed  so  small  as  usually  to  be  negligible.     The 

'Clark:  Jour.  Soc.  Tel.  Engineers,  vol.  7,  1878,  p.  53. 
2  v.  Ettinghausen:  Wiener  Zeitschr.  f.  Electrotech.,  1884,  p.  1. 
3 Rayleigh:   Rept.  54th  Meeting  Brit.  Assoc.,  Adv.  Sci.,  1884,  p.  C51 ;  Proc.  Royal 
Soc,  London,  vol.  40,  1886,  p.  79. 
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cause  of  this  variation  may  be  sought  for  iu  the  composition  of  the  mixt- 
ures. I  have,  moreover,  kept  the  paste  wet  with  a  layer  of  zinc  sul- 
phate, in  this  way  decreasing  the  internal  resistance.  In  the  case  of 
zero  work,  standards  with  enormous  internal  resistances  are  undesirable, 
because  all  necessary  resistance  is  introduced  by  the  rheostats.  I  made 
a  number  of  experiments  to  study  the  dangers  due  to  polarization  in  the 
batteries,  and  it  is  the  outcome  of  this  work  that  the  large  resistances 
in  the  connections  have  been  retained.  The  data  themselves  are  su- 
perfluous here. 

METHOD   OF   COMPUTATION. 

Many  experiments  go  to  show  that  the  quadratic  relation 

e=a(T-t)+b(T2-l2), 

where  e  is  the  electro-motive  force  for  the  temperatures  T  and  t  of  the 
junctions  of  the  thermo-element  and  a  and  b  are  constants,  is  a  very  com- 
plete interpolative  equation,  so  long  as  the  temperature  Tis  not  too  far 
above  red  heat.  In  general,  however,  it  is  desirable  to  express  e  graphic- 
ally for  each  element.  The  method  of  measuring  e  has  just  been  indi- 
cated. T  is  the  temperature  given  either  by  some  known  high  boiling 
point  or  by  direct  evaluation  with  the  air-thermometer,  while  t  is  di- 
rectly read  off  by  a  mercury  thermometer.  If  the  graphic  chart  thus 
obtainable  is  subsequently  to  be  used  for  temperature  measurement,  it 
is  desirable  to  refer  all  values  of  e  to  e20,  i-  e.,  to  the  electromotive  force 
which  obtains  when  the  hot  junction  is  at  T°,  the  cold  junction  at  20°. 
This  correction  follows  easily  from  equation  (1),  for  if 

e  =a(T-t)    +&(T2-f),  and 

e20=:a(T-20)+b(T2-2tf 


% 


ew-e=a  (t-20)  +6    (£2-4Q0). 

The  constant  a  and  b  may  be  determined  from  the  steam  and  mercury 
vapor  calibration.  A  table  is  then  to  be  constructed  for  the  correction 
e2(i—e  as  varying  with  t.  By  adding  this  to  any  given  value  of  e  the 
temperature  results  are  at  once  comparable  with  the  values  of  the  chart, 
in  which  e  is  represented  as  a  (unction  of  T.  t  should  of  course  be  kept 
as  near  20°  as  possible. 

In  the  measurement  of  e,  a  small  table  in  which  the  log  r  is  once  for 
all  inserted  for  each  r,  and  another  in  which  the  log  E  is  inserted  for 
each  i£,  greatly  expedite  the  computations. 

My  original  plan  of  calculating  the  constants  of  e  as  a  function  of  T 
and  t  by  the  method  of  least  squares  was  soon  abandoned.  These  con- 
stants do  not  represent  the  function  truly,  and  since  many  calibrations 
are  to  be  made  the  computation  becomes  excessively  laborious.  Finally, 
Tcan  be  taken  from  the  interpolation  chart  quite  as  accurately  as  it 
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can  be  measured  and  with  much  less  liability  to  error.    If  equation  (1 
be  solved  with  reference  to  T  it  follows  that — 


4& 
where 


*-(J 


+f  a2-1; 


e=e+at+bt2. 

When  many  values  of  Tare  thus  to  be  found  the  computation  is  b: 
no  means  unlaborious. 

By  keeping  r  constant,  and  varying  B,  a  table  can  be  calculated  onct 
for  all,  for  the  function 

r 

in  which  a  mean  value  is  inserted  for  E.  Such  a  table  for  frequently 
recurring  values  of  the  arbitrary  constant  r  and  for  values  of  i£,  increas 
ing  in  arithmetical  progression  with  a  difference  of  1,000,  is  of  greai 
service  in  facilitating  the  calculation  of  e.  It  insures  greater  exemp 
tion  from  error.  A  small  correction  for  E  is  only  necessary  to  correcl 
the  interpolated  results. 

Instead  of  applying  a  zero  method  like  the  present,  it  is  of  course 
permissible  to  use  simplified  processes  in  which  currents  only  are  meas- 
ured. A  torsion  galvanometer,  such,  for  instance,  as  that  actually  used 
by  Schiuz  (1.  c,  p.  49),  suggests  itself.  By  the  aid  of  my  boiling  tubes 
and  crucibles  the  scale  of  such  an  instrument  may  be  at  once  graduated 
in  terms  of  the  centigrade  thermometer.  Not  only  can  this  be  done 
with  a  great  degree  of  accuracy,  but  the  thermal  calibration  of  the 
galvanometer  may  be  checked  with  ease  as  often  as  desired.  There 
can  be  no  doubt  that  for  practical  purposes  this  apparatus  is  exceed- 
ingly convenient.  Nevertheless  the  measurement  of  electromotive 
forces  by  the  zero  methods  here  discussed  retains  an  advantage  over 
current  measurement,  because  measurements  of  electromotive  force 
made  at  one  time  may  be  at  once  compared  with  corresponding  meas- 
urement made  at  any  subsequent  time.  The  data  are  easily  expressed 
in  terms  of  a  fixed  absolute  standard,  in  other  words.  All  this  is  much 
more  difficult  in  the  case  of  current  measurement,  even  if  it  were  as 
accurate,  for  current  measurement  brings  in  the  arbitrary  constants  ot 
the  galvanometer. 

EXPERIMENTAL  RESULTS. 

Exploration  for -constancy  of  temperature;  water ,  aniline. — When  the 
boiling  tubes,  Figs.  7  to  11,  are  to  be  used  for  temperature  measure- 
ment, the  chief  point  of  interest  is  the  degree  of  constancy  attained 
throughout  the  length  of  the  central  tube  into  wftich  the  thermo-ele- 
tnent  is  to  be  inserted.  To  obtain  the  requisite  data  it  is  sufficient  to  in- 
sert a  thermoelement,  tbe  constants  of  which  are  approximately  known, 
into  the  tube  mentioned,  with  the  junction  consecutively  at  different 
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heights  above  the  surface  of  ebullition.  In  the  following  tables,  there- 
fore, the  absolute  values  of  the  high  temperature  T  is  of  less  importance 
and  of  smaller  accuracy,  while  the  variations  of  T  are  represented  with 
nicety.  In  the  table  the  temperature  t  of  the  cold  junction  is  constant; 
e  (microvolts)  is  the  measured  electromotive  force  of  a  new  element, 
Pt  hard-Pt  Ir  20  per  cent.,  from  which  the  temperature  T  is  computed. 

Table  12. — Constancy  of  temperature  along  the  axis  of  boiling  tube.     Steam.     T=100°. 


Height  of  junc- 
tion above 
bottom. 

t. 

e.    ■ 

T. 

• 

Remarks. 

Cm. 

°<7. 

Micro- 
volts. 

°a 

5 

20.0 

660.7 

98.9 

Surrounded  by  liquid. 

10 

20.0 

673.0 

100.1 

Surrounded  by  vapor. 

15 

20.0 

672.  2 

100.0 

Do. 

20 

20.0 

672.0 

100.0 

Do. 

25 

20.0 

672.  0 

100.0 

Do. 

30 

20.0 

672.0 

100.0 

Do. 

34 

20.0 

666.0 

99.4 

Surrounded  by  cork. 

5 

20.0 

683.7 

101.2 

Surrounded  by  liquid ;  burner  lowered. 

This  table  is  cited  as  an  example  of  many  similar  observations  made 
with  like  results.  The  adjustment  of  heat  was  nearly  perfect,  so  that 
no  steam  escaped.  The  ebullition  was  quiet  and  the  water  was  left  in 
the  tube  in  almost  undiminished  amount  at  the  close  of  the  experiment. 
The  first  observation  5cm  above  bottom  of  tube  is  taken  at  about  tbe 
middle  of  the  boiling  liquid  and  the  temperature  here  depends  upon 
whether  the  ring  burner  encircles  the  tube  above  or  below  this  point. 
The  next  observation,  10cm  from  the  bottom,  is  about  2cm  above  the 
surface  of  ebullition,  and  from  here  to  the  upper  cork  the  temperature 
is  absolutely  constant.  To  make  these  explorations  it  is  necessary  that 
the  thermo-couple  be  new  or  perfectly  homogeneous  and  annealed;  other- 
wise the  error  of  homogeneity  will  be  falsely  attributed  to  an  error  of 
the  constancy  of  the  boiliug  tube.  Exploration  with  a  mercury  ther- 
mometer is  less  satisfactory  than  the  thermo-couple  test  because  the 
stem  of  the  thermometer  usually  projects. 

Similarly  constant  results  may  be  obtained  with  aniline  at  187°, 
which  it  is  therefore  not  necessary  to  cite.  They  show  that  with  the 
junction  about  lcm  above  the  zone  of  ebullition,  quiet  boiling  presup- 
posed, its  temperature  may  be  regarded  identical  with  that  of  a  mer- 
cury thermometer  placed  contiguously  with  the  mentioned  junction 
and  i  user  ted  from  above. 

Exploration  for  constancy  of  temperature  ;  mercury. — In  the  case  of  mer- 
cury the  zone  of  constant  temperature  is  of  course  much  less  in  height, 
and  special  investigations  with  respect  to  it  are  therefore  essential. 
The  data  in  the  table  are  given  on  a  plan  identical  with  the  foregoing. 
Eesults  are  also  appended  for  mercury  impure  with  oxide,  in  which 
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case  the  liquid  sometimes  bumps  violently  during  ebullition.     Tin 
liquid  surface  is  at  10cm  from  the  bottom  nearly. 

Table  13. — Constancy  of  temperature  along  axis  of  boiling  tube.     Mercury.     T  =  358° 


Height  of 

j  unction  above 

bottom. 

t. 

e. 

T. 

Remarks. 

Cm. 

°C. 

Micro- 
volts. 

=  0. 

*                   C    5 
In  liquid  ? 

21.5 
21.5 

3320 
34!4 

347.4 
358.0 

1 

| 

r11 

21.5 

3431 

357.0 

i  Fresh  mercury;  brisk  and  regular 
j      boiling.     Liquid  surface  at  10cm. 

I12 

In  vapors 

j  13 

21.5 
21.5 

3421 
3410 

356.2 
355.2 

1 15 

21.5 

3330 

348.2 

J 

In  liquid-^    8 

21.5 

3393 

353.9 

21.5 

3448 

358.4 

Fresh  mercury;  brisk  and  regular 

I    9 

21.5 

3436 

357.4 

>     boiling.    Liquid  surface  at  10ri". 

t10 
In  vapor i    „ 

c  lo 

21.5 
21.5 

3436 
3192 

357.4 
356.4 

Disks  in  the  mercury  tube. 

5 

24.0 

3425 

358.2 

)  Violent    boiling     with     bumping. 

15 

24.0 

3393 

325.3 

)     Liquid  surface  at  10cm. 

0 

20.3 

3856 

391.3 

1 

5 

21.7 

3300 

345.8 

9 

23.6 

3436 

358.8 

10 
12 
15 

22.9 
23.4 
23.4 

3431 
3295 

3090 

357.8 
346.6 
329.1 

Gentle    ebullition  with   bumping. 
Liquid  surface  at  L0am. 

20 

21.8 

745 

94.5 

25 

21.8 

443 

58.2 

30 

21.8 

317 

42.6 

J 

These  tables  show  conclusively  that  for  a  distance  along  the  central 
tube  of  about  1.5cm  above  and  below  the  surface  of  ebullition,  the  tempera 
ture  is  that  of  the  boiling  point  of  mercury,  with  an  error  of  less  thai 
a  few  tenths  of  a  degree.  The  temperature  of  the  liquid  below  the  sur 
face  and  of  the  vapor  above  it  depends  on  the  position  of  the  ring  burnei 
and  of  the  intensity  of  ebullition.  The  suddenness  with  which  temper 
at ure  decreases  between  5cm  and  10cm  above  the  surface  of  ebullition  is 
well  shown  by  the  data  of  the  last  part  of  Table  13.  Hence  it  is  per 
missible  to  speak  of  a  zone  of  ebullition  comprising  in  vertical  extenl 
about  5cm  of  the  boiling  tube  above  the  surface.  The  use  of  loose  disks 
or  screens  of  asbestos  in  the  boiling  space,  to  guide  the  vapor  or  pre  veil  1 
convection  here,  is  of  no  obvious  avail,  probably  from  the  great  weighl 
of  mercury  vapor  as  compared  with  that  of  air.  These  disks  complicate 
the  apparatus,  and  are  therefore  to  be  discarded.  Table  13  is  an  ex 
ample  of  many  similar  results.  The  two  or  three  centimeters  of  avail 
able  space  for  constant  temperature  are  amply  sufficient  for  the  calibra 
tion  and  for  many  other  purposes.  At  any  given  point  of  the  space  the 
constancy  of  temperature  is  almost  jierfect.  If  the  outside  of  the  tube 
is  well  jacketed  with  asbestos  wicking,  the  height  of  the  space  of  con- 
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stant  temperature  may  be  much  increased.  It  has  been  stated  that  in 
the  data  of  Table  13  the  variations  of  boiling  point,  and  not  the  abso- 
lute value  of  the  boiling  point,  is  the  point  of  consideration. 

Exploration  for  constancy  of  temperature;  sulphur. — From  the  nature 
of  the  case,  the  calibration  with  sulphur  is  more  difficult,  and  calls  for  a 
more  careful  examination.  Hence  series  of  data  are  drawn  up  in  Table 
14,  both  for  gentle  and  for  violent  ebullition.  The  condition  of  con- 
stancy of  the  center  of  the  zone  of  constant  temperature  is  also  tested 
by  a  special  thermo-couple,  inserted  from  time  to  time  during  the  prog- 
ress of  the  measurements.  In  the  first  part  of  Table  14  the  surface  of 
ebullition  is  at  12cm  above  the  bottom ;  in  the  remaining  parts  about 
8.5cm  from  the  bottom.  No  carbonic-acid  or  other  gas  is  introduced  into 
the  tube,  and  ebullition  probaby  takes  place  in  S02  gas,  formed  from  S 
vapor  and  the  oxygen  of  the  tube.  To  produce  very  violent  ebullition 
the  copper  gauze  surrounding  the  sulphur  tube  was  heated  even  to  red- 
ness. As  before,  the  variation  of  T,  and  not  the  absolute  value  of  the 
boiling  point,  is  the  chief  consideration. 

Table  14. — Constancy  of  temperature  along  axis  of  boiling  tube.     Sulphur.     T=449°. 


Height  above 
bottom  of  tube. 

t. 

, 

T. 

Time. 

Remarks. 

Cm. 

°0. 

Micro  - 
volts. 

°0. 

fl5 

In  vapor.  ■I  14 

1 13 

r11 

10 
In  liquid,  s 

15 

3050 

339 

1 

15 

4038 

433 

15 

16 

4203 
4226 

418 
451 

16 
16 

4273 
4157 

455 

445 

i  Burner  at  10cm.    Liquid  surface 
(      at  12™'. 

Is 

16 

■    3394 

373 

1 

h.  m. 

12 

16.6 

4206 

449.5 

11  30 

12 

17.2 

4198 

449.2 

12  10 

t 

f13 

19.0 

3923 

398.9 

2  15  p.m. 

1 

11 
In  vapor. { 

19.0 
19.0 

4498 
4517 

445.0 
446.5 

[\ 

19.0 

4545 

448.5 

r 8 

19.0 

4629 

455.3 

i  Mild  ebullition.     Liquid  sur- 
face at  8.5"». 

1    7 

19.0 

4651 

456.8 

1    6 
In  liquid.  { 

19.0 
19.0 

4577 
4078 

451.4 
411.9 

I    3 

19.0 
19.0 

3448 
2779 

359.  3 
301.0 

r13 

19.0 

3886 

305.  9 

3  15 

1 

J11 
In  vapor,  i 

I    9 

19.0 
19.0 

4487 
4506 

444.0 
445.  4 

19.0 
19.0 
19.0 

4545 

4587 
4643 

448.6 
452.1 
456.  5 

Mild    ebullition.      Liquid    at 
8.5cm. 

In  liquid.  <(    6 

19.0 

4509 

445.8 

1    5 

19.0 

3988 

403.8 

h 

19.0 

3221 

339.6 
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Table  14. — Constancy  of  temperature  along  axis  of  boiling  tube,  etc. — Continued. 


Height  above 
bottom  of  mbe. 

t. 

e. 

T. 

Time. 

Remarks. 

Cm. 

°c. 

Micro- 
volts. 

°0. 

f13 

19.0 

4487 

444.0 

3  45 

1 

J11 
In  vapor.  <  ^ 

l  9 

19.0 
19.0 
19.0 

4496 
4511 
4529 

444.7 
445.9 
447.4 

Violent  ebullition.     Liquid  at 

r  8 

19.0 

4597 

452.7 

8.5cm. 

In  liquid.  ■{    „ 
j    6 

19.0 
19.0 

4657 
•    4669 

457.4 
458.4 

I   5 

19.0 

4423 

439.1 

J 

f13 

19.0 

4492 

444.4 

5  15 

1 

J11 
In  vapor.  <{ 

19.0 
19.0 

4502 
4513 

445.2 
446.1 

I   9 
f  8 

1    ? 

19.0 
19.0 

4550 
4609 

448.9 
453.6 

Violent  ebullition.    Liquid  at 

19.0 

4669 

458.6 

8.5cra. 

1 
In  liquid.  <    6 

li 

19.0 

4669 

458.4 

| 

19.0 
19.0 

4478 
3900 

443.4 
396.9 

. 

5  30 

16.0 

4206 

449.6 

|,11  30  a.  in. 

1 

17.2 
19.3 
19.2 
20.3 
19.8 
14.8 

4198 
4190 
4180 
4185 
4183 
4203 

449.3 
449.8 
449.0 
449.  8 
449.8 
448.2 

12  10  p.m. 

2  30  p. m. 

3  00  p.m. 
5  30  p.  m. 
7  30  p.  in. 

|,    9  00  a.m. 

Check  observations  made  with 
a  special  thermo-couple  dur- 
ing the  progress  of  the  above 
*     measurements.  Hotjunction 
just  above  surface  of  ebulli- 

19.4 

4171 

448.5 

12  00  p.  m. 

tion. 

18.4 

4183 

448.8 

2  15  p.m. 

18.7 

4187 

449.3 

5  30  p. m. 

J 

By  plane  of  ebullition,  an  expression  frequently  to  be  used,  I  ref<  I 
merely  to  the  mean  surface  of  the  agitated  liquid.  Above  this  there  | 
a  similar  well  defined  plane  of  condensation,  and  the  zone  of  constai  j 
temperature  lies  between  these  planes,  nearer  the  lower. 

The  data  taken  as  a  whole  show  that  for  lcm  or  2cm  above  the  plane  < 
ebullition  the  variation  of  temperature  is  not  more  than  two  or  thrca 
degrees  from  the  boiliug  point.  These  changes  are  produced  by  rel; 
tively  great  differences  in  the  intensity  of  ebullition.  The  use  of  thic 
asbestos  jackets  increases  the  height  of  the  space  of  constant  temper: 
ture.  As  was  the  case  with  mercury,  the  zone  of  ebullition  is  sharpl 
marked  both  above  and  below  the  surface  of  the  liquid,  and  its  heigl 
depends  very  materially  on  the  violence  of  the  boiling.  The  tube  du 
ing  ebullition  is  apt  to  be  very  dark  brown,  so  that  it  is  sometimes  difl 
cult  to  discern  the  boiling  surface  at  all.  It  is  well,  therefore,  to  mar 
its  position  beforehand.  Taking  the  above  results  as  a  whole,  it  aj 
pears  that  just  above  the  surface  of  ebullition  the  temperature  is  coi 
stant  for  an  indefinite  period  of  time,  and  that  it  does  not  differ  froi 
the  boiling  point  of  sulphur  more  than  a  degree  at  most. 

Exploration  for  constancy  of  temperature;  zinc. — In  Table  15  I  giv 
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milar  observations  relative  to  the  constancy  of  temperature  along  the 
sis  of  a  zinc  crucible.  The  form  with  open  tube,  Fig.  15,  is  used,  so 
lat  the  variation  of  temperature  along  as  much  as  14cra  of  the  axis  can 
e  measured.  During  measurement  the  central  tube  is  closed  above 
ith  a  loose  plug  of  asbestos  wicking.  Experiments  are  made  with  two 
irnaces,  placed  side  by  side  and  heated  simultaneously.  It  is  difficult 
)  define  the  surface  of  ebullition  with  reference  to  tbe  crucible,  for  the 
inc  is  apt  to  be  porous  and  of  great  bulk,  and  it  is  sure  to  be  spattered 
gainst  the  top  of  the  crucible  and  to  solidify  there.  T  in  Table  15  is 
pproximate,  since  the  variation  of  T  is  alone  of  interest  here.  It  was 
ecessary  to  finish  the  observations  for  the  first  crucible  before  com- 
mencing those  of  tbe  second. 

able  15. — Constancy  of  temperature  along  the  axis  of  the  zinc  crucible.   Form,  cf.  Fig.  15 

FURNACE  No.  1. 


Height  above 

bottom 

of  crucible. 

t. 

C20. 

T. 

Time. 

Remarks. 

Cm. 

4 
8 
10 
12 
8 
4 

21.6 
21.6 
21.6 
21.6 
21.6 
21.6 

Microvolts. 
11060 
11060 
10950 
10670 
11090 
11090 

°  C. 

Hours. 
3.18 
3.25 
3.30 
3.33 
3.38 
3. 43 

1 

i  Liquid  surface  about  8rm 
i      above  bottom. 

1 
1 

FURNACE  No.  2. 

4 
8 
'  10 
12 
14 
10 
8 
4 

21.6 
21.6 
21.6 
21.6 
21.  G 
21.9 
21.9 
21.9 

11040 
11060 
11010 
10970 
10830 
11090 
HObO 
11080 



3.  55 
3.58 
3.67 
3.70 

3.85 
3.92 
4.00 

i 
1 

1  Liquid  surface  about  8cm 
[      above  bottom. 

1 
i 

To  obtain  a  full  understanding  of  the  purport  of  these  data  it  is  neces- 
ary  to  turn  to  Fig.  15,  p.  94,  where  tbe  positions  of  the  present  points 
I  observation  have  been  marked  with  little  circles.  Tbe  data,  there- 
)re,  show  most  remarkable  and  unexpected  constancy,  particularly  so 
'ben  compared  with  tbe  results  for  mercury  and  sulphur.  This  is  due 
i  tbe  fact  that  tbe  distilled  zinc  condenses  on  the  sides  of  tbe  upper 
nd  colder  parts  of  the  crucible  and  then  runs  down  on  the  walls — a 
let  well  demonstrated  by  breakage  of  the  crucible  after  the  exped- 
ient. Hence  the  interior  is  practically  encased  in  an  envelope  of  boil- 
ig  zinc,  although  the  exterior  of  the  crucible  by  actual  measurement 
bows  1,400°  and  more.  A  significant  result  of  these  explorations  is 
lis,  that  the  passage  from  t\n>  region  of  boiling  liquid  into  the  region 
f  vaporized  zinc  is  not  discernible  in  the  data.  Temperature  is  prac- 
.cally  constant  until  the  upper  cold  parts  of  the  crucible  are  reached. 
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Investigation  of  data. — Instead  of  extending  these  experiments  im 
higher  temperatures  and  determining  further  data  for  the  fire-clay  a  j 
paratus,  it  will  be  expedient  to  actually  calibrate  a  series  of  element 
Such  experiments  will  show  both  the  constancy  of  the  divers  boiliE 
points  as  regards  time,  as  well  as  their  absolute  correctness  as  cor 
pared  with  the  data  of  Chapter  I.  Indeed,  the  degree  of  identity  e: 
hibited  by  distinct  series  of  data  obtained  almost  a  year  apart,  I 
thoroughly  different  methods  and  under  different  circumstances  in  a 
other  respects,  will  be  the  best  available  criterion  of  the  validity  of  tt 
said  series  of  results.  Hence  the  following  table  is  given  with  conside 
able  fullness.  The  boiling  points  taken  are  zinc  (930°),  sulphur  (448c 
mercury  (357°),  aniline  (measured  187°),  and  water.  All  observatioi 
are  made  in  time  series ;  and  for  the  temperatures  t  and  T  of  the  cold  an 
hot  junctions,  the  electromotive  force  e  microvolts  was  observed  at  tt 
time  specified  on  the  same  horizontal  row.  The  mean  of  these  isolate 
observations  being  taken,  the  results  are  used  for  the  calculation  of  tt 
constants  a  and  b  in  equation  (1)  above,  by  the  method  of  least  squares 
a  and  b  are  inserted  in  the  ninth  column.  The  fifth  contains  the  ca 
culated  value  of  e,  and  its  difference  from  observed  e  is  given  in  tfcli 
sixth  column.  Finally,  in  the  seventh  and  eighth  columns  are  inserte 
the  correction  e2o— e  and  the  value  e20  of  electro-motive  force  whic 
hold  for  t=2i).  In  addition  to  these  data  the  table  contains  value 
parenthetically  inserted.  These  are  derived  from  the  constants  for  th 
calibration  if  carried  only  as  far  as  the  boiling  point  of  sulphur,  to  th 
exclusion  of  zinc.  Hence  these  constants,  being  derived  similarly  t 
the  extrapolation  constants  of  Chapter  I,  are  at  once  comparable  wit 
them. 

Table  IS.— Calibration  of  thermo-couples  Nos.  17,  18,  22,  35,  36. 


No. 


Mean. 


t. 

, 

°  0. 

°  O. 

20.  4 

930 

20.4 

930 

20.7 

930 

20.8 

930 

21.4 

930 

21.4 

930 

21.8 

930 

22.0 

930 

22.5 

930 

22.7 

9.;o 

22.8 

930 

22.8 

930 

22.8 

930 

21.7 

930 

e  ob- 
served. 


Micro- 
volts. 

9101 

9185 

9169 

9173 

9169 

9152 

9173 

9169 

9211 

9211 

9211 

9211 

9211 

9180 


<i  calcu- 
lated. 


Micro- 
volts. 


Be. 


Micro- 
volts. 


Micro- 
volts. 


(764) 


Micro- 
volts. 

9101 

9185 

9170 

9175 

9176 

9159 

9183 

9182 

9227 

9228 

9229 

9229 

9229 

9190 


a  and  b. 


Microvolts. 
8.  049 
0. 002357 


Time 


h.  n 

2  2' 
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Table  16.— Calibration  of  thermo-couples  Xos.  17,  18,  22,  35,  36— Continued. 


No 

t. 

T. 

e  ob- 
served. 

e  calcu- 
lated. 

5  c. 

too— e. 

e-2o. 

a  ami  b. 

Time. 

17 

20.0 
21.4 
22.1 

°C. 

448 
448 
448 

Micro- 
volts. 

4062 

4050 

4049 

Micro- 
volts. 

.     (4502) 

Micro- 
volts. 

(+2) 

Micro- 
volts. 

Micro- 
volts. 

4058 

4037 

4065 

Microvolts. 
(7.  66) 
(0.  00390) 

h.  m. 

71  13 

12    4 

33 

Mean 

21.2 

448 

4054 

3909 

(  +  145) 

5 

4059 

17 

20.5 
21.0 

357 
357 

3065 
3068 

(3077) 

(-10) 

3065 
3072 

3  1 

4  37 

Mean 

20.8 

357 

3067 

3012 

+  55 

2 

3069 

17    

18.5 
19.3 
18.4 

186.5 

186.8 
186.4 

1438 
1433 
1435 

(1420) 

(+14) 

1426 

1428 
1425 

10  14 

51 

1  45 

Mean 

18.7 

18.9 
18.8 

186.6 

1435 

1433 

+  2 

—10 

1425 

17 

99.9 
99.9 

649.2 
650.6 

(659) 

(-9) 

640.6 
641.3 

12  10 

34 



18.8 

20T5 
20.8 
21.6 
22.1 

99.9 

649.9 

676 

-26 

—9.3 

640.6 

18          .   

930 

930 
930 
930 

9122 
9160 
9122 

9122 
9162 
9131 
9138 

7.973 
0. 002352 

2  35 

3  15 

43 

4  18 

9280 

21.2 

930 

9133 

-147 

5 

9138 

18 

20.0 
21.5 
22.2 

448 
448 
448 

3998 
4004 
4000 

(4005) 

(-4) 

3994 
4012 
4013 

11  30 

12  10 

38 

20.9 

448 

4001 

3883 

+118 

3 

40U4 

18 

20.6 
21.0 

357 
357 

3035 
3037 

(3041) 

(-5) 

3036 
3041 

(7.  64) 
(0.  00367) 

3    6 

4  42 

20.8 

~~  18.4 
19.3 

357 

3036 

2986 

+50 
(+10) 

2 

3038 

18 

186.5 
186.8 

1422 
1415 

(1409) 

14)0 
1410 

10  10 

55 

18.8 

186.7 

1419 

1420 

-1 

-9 

1410 

18 

18.9 

18.7 

99.9 
99.9 

647.2 
649.2 

(655) 

(-7) 

638.6 
639.1 

12  13 

38 

18.8 

99.9 

648.  2 

669 

-21 

—9.3 

638.9 

22 

20.6 
20.8 
21.6 
22.2 

930 
930 
930 
930 

9198 
9202 
9185 
9181 

9199 
9204 
9194 
9194 

2  40 

3  17 

48 

4  22 

21.3 

930 

9191 

9347 

-157 

6 

9197 

22 

19.8 
21.0 
21.2 
21.9 
22.6 
22.8 

448 
448 
448 
448 
448 
448 

4030 
'     4026 
4026 
4020 
4019 
4011 

(4025) 

(-3) 

4025 
4030 
4031 
4031 
4035 
4029 

7.993 
0. 002409 

11  27 

54 

58 

12  23 

53 

1  15 

Mean 

21,6 

448 

4022 

3895 

+127 

8.6 

4031 

' 

-    -  — 

... 

_ 

(705) 
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Table  16. — Calibration  of  thermo-couples  Nos.  47,  18,  22,  55,  36. — Continued. 


No. 

t. 

T. 

e  ob- 
served. 

e  calcu- 
lated. 

Se. 

020  e. 

620. 

a  and  b. 

Time. 

22.. 

Mean 

°  a 

20.2 
20.3 
20.4 
20.8 
21.0 
21.1 
21.2 
21.2 
21.0 
21.0 

°  a 

357 
357 
357 
357 
357 
357 
357 
357 
357 
357 

Micro- 
volts. 

3049 

3057 

3053 

3051 

3054 

3054 

3048 

3048 

3048 

3050 

Micro- 
volts. 

(3058) 

Micro- 
volts. 

(-7) 

Micro- 
volts. 

Micro- 
volts. 

3047 

3056 

3052 

3053 

3057 

3059 

3053 

3053 

3052     . 

3054 

Microvolts. 
(7.  64) 
(0.  00381) 

h.  m. 

2  40 

53 

3  25 

4  30 

55 

5  25 

32 
6  40 

7  23 

20.8 

357 

3051 

3000 

+51 

2 

3053 

22  .. 

18.4 
19.1 
19.2 
19.5 
18.3 
18.8 

J  86.  5 
186.5 
186.8 
186.8 
186.4 
186.4 

1426 
1423 
1423 
1422 
1422 
1421 

(1412) 

(  +  11) 

1414 
_  1416 
1417 
1418 
1409 
1410 

10    3 

Mean 

Mean 

35 

45 

11  17 

1  37 

2  00 

18.9 

i97T 

18.9 
18.8 
18.6 

186.6 

1423 

1423 

-0 

—9 

1414 

?? 

99.9 
99.9 
99.9 
99.9 

646.7 
647.8 
650.6 
651.0 

(656) 

(-7) 

639.7 
639.2 
641.3 
640.1 

12    5 

20 

12  26 

50 

18.8 

99.9 

649.0 

671 

—22 

-9.3 

639.7 

T> 

20.6 
21.0 
21.8 
22.2 
22.4 

930 
930 
930 
930 
930 

10226 
10214 
10219 
10214 
10257 

10226 
10218 
10229 
10227 
10272 

7.776 
0. 003951 

2  48 

Mean 

3  25 

4  00 

28 

21.6 

930 

10226 

10475 

-249 

8.6 

10235 

^ 

20.4 
21.7 
22.3 

448 

448 
448 

4297 
4297 
4295 

(4321) 

(-25) 

4296 
4306 
4309 

(7. 18) 
(0.006  27) 

11  43 

Mean  .... 

12  15 

42 

21.  5 

448 

4296 

4108 

+  188 

8 

4304 

35 

20.7 
21.1 

20.9 

357 
357 

357 

3220 
3220 

(3216) 

(+4) 

3222 
3225 

3  15 

4  47 

3220 

3119 

+  101 

3 

3223 

35 

18.8 
19.3 
18.5 

186.5 
186.8 
186.4 

1434 
1427 
1436 

(1420) 
1438 

(+12) 

1425 
1422 
1424 

10  21 

Mean 

11     6 

1  53 

18.9 

186.6 

1432 

-6 

—9 

1423 

35 

18.9 
18.7 

99.9 
99.9 

632.1 
634.5 

(643) 

(-9) 

623.5 
624.  4 



12  18 

Mean 

12  42 

18.8 

99.9 

633.3 

668 

-35 

—9.3 

624.0 

(766) 
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Table  16.— Calibration  of  tliermo-couples  Nos.  17,  18,  22,  35,  36.— Continued. 


No. 

t. 

T. 

e  ab- 
served. 

e  calcu- 
lated. 

Se. 

0jo— e. 

e2o. 

a  and  b. 

Time. 

36 

°a 

20.7 
21.2 
21.7 
22.3 

°a 

930 
930 
930 
930 

Micro- 
volts. 

10214 

10205 

10193 

10245 

Micro- 
volts. 

Micro- 
volts. 

Micro- 
volts. 

Micro, 
volts. 

10216 

10210 

10202 

10259 

Microvolts. 
7.785 
0.  003913 

h.  in. 

2  55 

3  28 

Mean 

52 

4  33 

21.5 

930 

10212 

10467 

-255 

8 

10220 

36 

20.8 
21.8 
22.4 

448 
448 
448 

4309 
4308 
4293 

(4329) 

(-26) 

4311 
4318 
4308 

(7. 19) 
(0. 00629) 

11  49 

Mean 

12  19 

45 

21.7 

448  . 

4303 

4108 

+195 

9 

4312 

% 

20.8 
21.1 

357 
357 

3217 
3221 

(3214) 

(+5) 

3219 
3226 

3  00 

Mean 

4  50 

21.4 

19.  0~ 
19.4 
18.6 
18.8 

357 

186.5 
186.8 
186.4 

3219 

3121 

+98 

(+13) 
-5 

7 

3226 

1435 
1431 

1426 
1416 

?fi 

1443 
1436 
1437 
1425 

(1422) 

10  31 

Mean 

11  10 

2  10 

19.0 

186.6 

1435 

1440 

-9 

1426 

3P 

19.1 
18.6 

99.9 
99.9 

631.2 
636.  1 

(643) 

(—10) 

624.3 
625.  2 

12    0 

Mean 

12  48 

18.8 

99.9 

633.6 

669 

-35 

-9.3 

624.3 

From  the  constants  contained  in  these  tables  I  have  calculated  the 
values  of  e2o  when  the  difference  of  temperature  varies  between  T— 20= 
100°,  and  T— 20=1,500°,  for  the  reason  that  I  shall  make  use  of  these 
values  below.  In  general  there  are  three  sets  of  values  of  e20  available ; 
the  fipst  of  these  is  calculated  with  the  constants,  including  the  zinc 
calibration;  the  second  with  the  constants  applying  only  as  far  as  the 
sulphur  calibration  contained  in  this  chapter;  and  the  third  with  the 
constants  applying  as  far  as  the  mercury  calibration  contained  in  Chap- 
ter I.  The  last  two  sets  having  been  made  respectively  in  Washington 
and  in  New  Haven  will  be  so  designated.  To  these  couples  are  added 
results  for  Nos.  19  and  20,  both  of  which  are  5  per  cent.  Pt-Ir  alloys. 
They  will  be  referred  to  elsewhere. 
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WASHINGTON  AND  NEW  HAVEN. 


[BULL.  M 


T-t. 


100. 

200. 

300. 

400. 

500. 

600 

700. 

800. 

900. 

1000 

1100 

1200 

13C0 

1400 

1500 


No.  17,e2o  = 


With 
zinc. 


Washing-  Washing 


ton 

838 

1723 

2655 

3635 

4661 

5734 

6855 

8023 

9238 

10500 

11809 

13165 

14569 

16020 

17517 


Without  zinc. 


ton. 

821 

1719 

2696 

3751 

4883 

6094 

7383 

8749 

10194 

11718 

13319 


16755 
18589 
20602 


New 
Haven. 


815 

1707 

2677 

3726 

4852 

6056 

7339 

8700 

10137 

11654 

13249 

14921 

16672 

18500 

20407 


No.  18,  eao  = 


With 
zinc. 


Washing- 
ton. 


830 

1708 

2632 

3603 

4620 

5G87 

6099 

7958 

9165 

10419 

11719 

13067 

14462 

15903 

17391 


Witbout  zinc. 


Washing 
ton. 


New 
Haven. 


815 

1704 

2666 

3702 

4811 

5994 

7250 

8580 

9983 

11460 

13010 

14634 

1G331 

18102 

19046 


813 
1704 

2671 

3751 

4836 

6034 

7309 

8661 

10091 

11590 

13179 

14839 

16576 

18390 

20281 


No.  22,  e?o  = 


With 
zinc. 


Washing- 
ton. 


833 

1715 

2644 

3621 

4646 

5721 

6843 

8013 

9232 

10497 

11812 

13176 

14587  | 

16045  I 

17553 


Without  zinc. 


Washing- 
ton. 


817 
1711 
2680 
3726 
4848 
6046 
7319 
8670 
10096 
11598 
13177 
14831 
16562 
19185 
20252 


New 

Haven. 


814 

1707 

2679 

3729 

4357 

6065 

7350 

8714 

10157 

11678 

13278 

14956 

16714 

18548 

20463 


WASHINGTON. 


T-t. 


100. 
200. 
300. 
400. 
500. 
600. 
700. 
800. 
900. 
1000 
1100 
1200 
1300 
1400 
1500 


No.  35,  e20  = 


With  zinc. 


832 

1743 

2733 

3801 

4950 

6177 

7482 

8868 

10331 

11875 

13497 

15335 

16978 

18837 

20775 


Without 


806 

1737 

2793 

3976 

5283 

C715 

8273 

9957 

11766 

13700 

15759 

17944 

20255 

22690 

25252 


No.  36,  C2o  = 


With  zinc. 


Without 


833 

1745 

2734 

3801 

4948 

6154 

7476 

8825  | 

10316 

11855 

13470 

15163 

16936 

18789 

20698 


807 

1739 

2798 

'5982 

5254 

6729 

8291 

9980 

11792 

13732 

15808 

17988 

20307 

22749 

25319 


Nos.  19,  20,  C2u 


With  zinc. 


297 
600 
906 
1218 
1533 
1852 
2177 
2506 
2840 
3178 
3520 


Without 


305 

(J09 
010 
1210 
1507 

1S03 
2007 
2389 
2>;78 
2968 
:::54 
35:;9 


a =2.  944 
b=0. 000255 
(a=3.065) 
(b  = -0.000093) 


Discussion  of  data. — The  most  satisfactory  method  of  discussing  the 
results  of  Table  17  will  consist  in  first  mapping  out  its  data  graphically, 
and  inserting  upon  the  loci  so  drawn  those  results  of  Table  16  which 
are  the  immediate  consequences  of  experiment.  I  will  first  consider  a 
comparison  of  the  results  of  Chapter  I  and  of  Chapter  II  for  such  cases 
in  which  the  calibration  was  carried  forward  about  as  far  as  400°,  the 
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constants  then  calculated  from  these  data  and  used  for  trial  extrapo- 
lations. It  appears  from  this  comparison  that  the  results  of  these  trials 
are  almost  perfectly  coincident.  In  case  of  No.  17  the  difference  at 
1,500°  is  only  4°;  in  case  of  No.  18,  14°;  in  case  of  No.  22,  9°.  Now, 
when  it  is  remembered  that  the  results  of  Chapter  1  are  obtained  by 
the  large  vapor  apparatus  there  described  and  that  the  results  of  this 
chapter  are  obtained  by  the  small  practical  forms,  the  coincidence  of 
the  results  of  this  exceedingly  severe  test  is  most  remarkable  and 
gratifying.  In  Table  16,  moreover,  the  relatively  small  differences  be- 
tween the  parenthetical  results  for  observed  and  calculated  e,  is  further 
evidence  in  favor  of  the  statement  just  made. 

If,  however,  we  include  the  boiling  point  of  zinc  in  the  present  com- 
parisons and  derive  the  constants  by  the  method  of  least  squares,  the 
relatively  large  differences  thus  obtained  at  once  show  that  the  quad- 
ratic equation  assumed  is  no  longer  applicable,  so  far  as  the  results  in 
hand  are  concerned.  The  loci  corresponding  to  these  new  constants 
differ  at  1,500°  by  amounts  as  follows:  In  case  of  No.  17,  by  126°;  in 
case  of  No.  18,  by  115°;  in  case  of  No.  22,  by  119°;  in  case  of  No.  35, 
by  126°;  in  case  of  No.  36,  by  130°.  Similarly  the  differences  between 
observed  and  calculated  e  in  Table  16  (without  parentheses),  differ  by 
large  values.  To  obtain  a  notion  of  the  nature  of  this  difference  it  is 
well  to  insert  the  observed  result  for  zinc  in  the  chart,  Figs.  21  and  22. 
When  this  is  done  it  appears  that  the  position  of  the  zinc  point  bears 
no  observable  relations  to  the  positions  of  the  sulphur,  mercury,  aniline, 
and  water  points.  There  are  three  causes  for  this  large  discrepancy  to 
be  considered:  1.  Either  the  relation  between  temperature  and  electro- 
motive force  in  case  of  platinum-iridium  elements  is  circumflexed  or 
anomalous  between  500°  and  1,000°;  or  the  accepted  value  of  the  boil- 
ing point  of  zinc,  930°,  is  too  large  by  about  75°;  or  the  boiling  point 
of  zinc  in  the  crucible  calibration  has  not  been  reached.  The  last  of 
these  suppositions  is  easily  disproved,  both  by  the  fact  that  during 
ebullition  zinc  dust  escapes  from  the  top  of  the  crucible,  and  that  after 
breaking  the  cold  crucible  the  evidences  of  ebullition  are  apparent  in 
drops  of  zinc  scattered  against  the  walls  and  solidified  there  after  cool- 
ing. Again,  the  temperature  on  the  outside  of  the  crucible  must  have 
been  at  least  500°  above  the  boiling  point  of  zinc.  Finally  there  is  au 
almost  complete  coincidence  between  the  zinc  data  for  the  large  cruci- 
bles, in  Chapter  I,  and  the  present  data  for  small  crucibles,  as  will 
presently  be  shown  more  at  length.  Hence  the  source  of  the  zinc  dis- 
crepancy in  question  is  to  be  referred  to  one  of  two  causes:  either  the 
platinum-iridium  thermo-couple  shows  a  circumflex  like  anomaly  in  the 
relation  between  electromotive  force  and  temperature  between  500° 
and  1,000°,  or  the  values  heretofore  assumed  for  the  boiling  point  of 
zinc  {ca.  930°)  are  too  high  b  75°.  To  decide  between  these  two  diffi- 
culties, the  importance  of  which  is  here  regarded  merely  from  the 
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standpoint  of  the  present  investigation,  is  not  the  purpose  of  the 
present  chapter  and  will  be  touched  upon  later. 

Time  variations  of  thermo-electric  data. — In  this  place  a  consideration 
of  the  degree  of  coincidence  between  present  and  former  zinc  data  is  per- 
tinent. In  the  results  given  in  Table  6,  Chaper  I  (p.  78,  June  11),  the 
values  for  the  boiling  point  of  zinc  if  expressed  in  (reduced)  units  ol 
elctromotive  force  were : 

Microvolts. 

No.  17 ^20  =  9220 

No.  18 02O  =  918O  (188; 

No.  22 02o  =  924O 

These  values  are  available  for  comparison  with  the  data  of  Table  16 
Chapter  II,  from  which  the  corresponding  mean  values  are  found  to  be : 

Microvolts. 

No.  17 02o  =  919O 

No.  18. 0,o  =  914O  (188; 

No.  22 02o  =  92OO 

This  slight  difference  of  iess  than  J  per  cent,  in  the  values  of  02O,  and! 
which  amounts  to  only  about  3°  of  temperature,  is  quite  negligible  and! 
easily  referable  to  the  incidental  errors  of  experiment.  In  the  large 
furnaces  of  Chapter  I  such  an  error  is  possible,  even  at  the  cold  junction,! 

Duration  of  continued  ebullition,  constant  high  temperatures. — This> 
brings  me  finally  to  a  consideration  of  the  constancy  of  the  boiling  point 
as  observed  with  the  crucibles  described,  when  this  constancy  is  con- 
sidered with  reference  to  the  time  during  which  ebullition  has  beem 
going  on.  A  series  of  such  results  are  given  in  Table  16,  and  if  neces- 
sary others  may  be  supplied  during  the  course  of  the  discussion.  Turn 
ing  first  to  the  results,  02O,  for  zinc,  it  appears  that  after  the  value  of  1 
has  become  constant  at  about  3  o'clock,  the  variation  in  02O  from  this 
time  until  5  o'clock  (9180  microvolts  to  9230  microvolts)  are  only  a  little 
more  than  J  per  cent,  of  02O,  corresponding  to  about  4°  centigrade  for 
the  two  hours  of  ebullition.  This  variation  is  an  almost  regular  in- 
crease of  T.  This  strikingly  perfect  degree  of  constancy  of  the  tem- 
perature of  this  crucible  is  additionally  attested  by  the  values  of  ei 
for  the  elements  Nos.  18,  22,  35,  36,  to  which  I  might  adel  many  other 
results,  were  it  at  all  necessary  to  supply  further  corroboration.  By 
way  of  illustration,  merely,  I  will  give  a  few  data  obtained  when  the 
contents  of  the  crucibles  are  antimony  or  bismuth  instead  of  zinc.  J 
will  also  add  some  results  derived  from  commercial  caelmium.  In  the 
case  of  bismuth  the  walls  of  the  cold  crucible,  after  boiling,  were  lined 
above  the  surface  of  the  metal  with  a  fine  granular  coating  of  bismuth,  and 
very  near  the  surface  a  narrow  zone  of  little  bismuth  beads  was  appa 
rent.  Nevertheless,  ebullition  can  only  have  commenced,  as  is  proved 
by  the  thermo-electric  data,  and  the  incrustation  is  due  to  volatilizatioE 
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below  the  boiling  point.  The  temperature  in  the  cases  of  both  bismuth 
and  antimony  was  sufficiently  high  to  partially  fuse  the  porcelain  in- 
sulator, and  to  cause  it  to  stick  fast  in  the  central  tube.  This  is  a 
great  annoyance,  because  platinum  at  high  white  heats  has  only  small 
tensile  strength,  and  is  therefore  easily  pulled  apart  in  the  endeavor  to 
withdraw  the  element  from  the  tube.  The  difficulty  is  obviated  by 
using  fire-clay  insulators. 

Table  18. — Crucible,  Fig.  13,  charged  with  bismuth. 


No. 

t. 

e. 

C20. 

Time. 

17 

°  a 

19 

Micro- 
volts. 
8300 

Micro- 
volts. 
8300 

h.  m. 

2  00 

19 

10710 

10700 

5 

19 

11340 

11330 

6 

19 

12010 

12000 

7 

19 

12780 

12770 

10 

19 

13670 

13660 

15 

19 

14150 

14140 

20 

The  crucible  after  the  last  measurement,  being  fluxed  through,  began 
to  leak,  putting  an  end  to  the  experiment.  The  value  of  T  would  of 
course  only  be  approximate  if  obtained  by  using  the  zinc  constants  of 
Table  16  for  extrapolation.  Nevertheless,  the  continued  rapid  increase 
of  temperature,  T,  shows  that  the  boiling  point  has  as  yet  by  no  means 
been  reached.  The  behavior  is  therefore  in  striking  contrast  to  the  zinc, 
charged  crucible. 

Table  VS.— Crucible,  Fig.  13,  charged  unth  antimony. 


No. 

t. 

e. 

euo. 

•  17 

°  a 

20 

Micro- 
volts. 
12410 

Micro- 
volts. 
12410 

17 

20 

12730 

12730 

17 

20 

12790 

12790 

17 

20 

12900 

12900 

Time. 


h.  m. 

6  42 

45 


Element  No.  17  prilled  apart  on 
withdrawing  it,  No.  18  substi- 
tuted for  it. 

7  25 
30 
32 


18 

22 

12810 

12830 

18 

23 

13210 

13230 

18 

23 

13210 

13230 

18 

23 

13390 

13410 

18 

23 

13520 

13540 

18 

24 

13600 

13640 

Here  the  remarks  already  made  under  bismuth  nearly  apply.    The 
5rucible  leaked  after  the  last  observation,  and  the  experiment  had  there* 
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fore  to  be  discontinued.     T  would  have  the  approximate  significatior 
stated.     The  porcelain  tubes  again  soften. 

In  operating  upon  cadmium,  I  first  tried  glass  tubes.  But  after  manj 
trials  the  experiment  was  abandoned,  both  because  of  the  decidedly  re 
duced  viscosity  of  glass  at  low  red  heat,  and  because  the  simple  rin£ 
burner,  even  while  a  powerful  pair  of  bellows  is  used  to  intensify  the 
blast,  is  not  capable  of  easily  boiling  cadmium.  Hence  the  clay  cruci 
bles  were  used  and  results  were  obtained  as  follows.  The  value  of  Tit 
here  appended,  as  derived  from  Table  16,  both  for  the  case  in  which  the 
exterpolation  is  made  with  zinc,  and  as  made  without  zinc.  The  cad 
mium  used  is  of  commercial  purity  only.  What  I  aim  at  here  is  a  mere 
illustration  of  method. 


Table  20. — Crucible,  Fig.  13,  charged  with  cadmium. 


No. 

t. 

e. 

eto. 

Time. 

Cum  zinc 
T. 

Sine  zinc 
T. 

°  a 

Micro- 
volts. 

Micro- 
volts. 

h.  m. 

°  a 

°  a 

17 

21.  2 

7568 

7577 

12  38 

783 

734 

17 

22.8 

7626 

7648 

1  0 

790 

740 

17 

23.8 

7558 

7588 

18 

783 

735 

18 

21.6 

7541 

7553 

12  43 

785 

743 

18 

22.9 

7528 

7550 

1  3 

785 

743 

22 

21.9 

7568 

7583 

12  47 

784 

740 

22 

23.1 

7577 

7601 

1  6 

785 

742 

35 

22.2 

8346 

8363 

12  52 

785 

725 

35 

23.2 

8337 

8362 

1  10 

785 

725 

36 

22.5 

8333 

8352 

12  55 

784 

724 

36 

23.5 

8325 

8352 

1  12 

784 

724 

The  results  are  given  here  chiefly  by  way  of  contrast  with  the  above 
tables  for  bismuth  and  antimony,  since  they  show  an  admirable  de 
gree  of  constant  temperature  maintained  for  nearly  one  hour  at  j j 
relatively  low  temperature.     Inasmuch  as  the  interval  between  500<| 
and  1,000°,  if  the  assumed  boiling  point  of  zinc  be  correct,  is  anomalous 
and  not  simply  quadratic,  the  interpolation  here  made  for  the  measure 
ment  of  T  is  unsafe.     Hence  I  have  given  T  both  as  exterpolated  fron 
calibrations  (0°  to  450°)  excluding  zinc,  and  as  interpolated  irom  cali 
orations  including  zinc.     If  there  were  no  anomaly  the  constancy  of  the 
values  of  T  found  by  operating  with  divers  elements  would  make  these 
results  very  trustworthy. 

I  have  macle  other  similar  experiments  with  selenium  and  with  zinc 
chloride;  but  respecting  all  of  these  the  remarks  made  for  cadmiuir 
apply.     Further  data  are  therefore  omitted  here. 

Duration  of  continuous  ebullition,  low  temperatures. — Returning  froun 
this  digression,  I  will  next  exhibit  the  constancy  of  temperature  for  the 
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time  series  of  boiling-point  experiments  made  in  the  glass  boiling  tubes. 
The  data  of  Table  16  are  again  available  with  a  few  supplementary 
results  to  be  inserted  below;  The  variation  of  temperature  during 
about  an  hour's  uninterrupted  boiling  in  sulphur  in  case  of  No.  17  is 
within  £  per  cent,  of  e20;  in  case  of  No.  18  about  £  per  cent,  of  e20',  in 
case  of  No.  22  within  J  per  cent,  of  e20  for  almost  two  hours  of  boiling, 
etc.  The  constancy  is  satisfactory,  and  since  the  variations  contain 
incidental  errors  it  is  probable  that  the  boiling  point  itself  is  reached 
to  within  two  or  three  degrees.  To  test  this  supposition  I  reversed  the 
procedure,  and  by  means  of  the  given  constants  measured  the  boiling 
point  of  sulphur  with  the  following  results : 

Table  21. — Constancy  of  temperature  in  boiling  tubes.     Sulphur. 


No. 

t. 

e. 

C20. 

, 

Time. 

°  0. 

Micro- 
volts. 

Micro- 
volts. 

o(7. 

h.   m. 

17 

20.4 

4005 

4008 

445 

11  15 

20.4 

4005 

4008 

445 

23 

18 

20.9 

3974 

3981 

445 

11  25 

21.2 

3967 

3976 

445 

32 

22 

21.5 

4000 

4012 

416 

11  37 

21.7 

4000 

4013 

446 

40 

These  results  corroborate  the  statements  made.  All  these  data  are 
obtained  with  older  forms  of  apparatus.  I  believe  that  if  I  were  to 
repeat  them  with  the  newer  forms  (Figs.  14, 15)  the  limits  of  error  would 
be  much  decreased  and  the  experiment  materially  gain  in  certainty. 

Remarks  of  the  same  nature  as  the  above  apply  to  mercury,  for  which 
the  conditions  of  constant  temperature  are  much  more  favorable.  A 
long  time  series  was  made  with  element  No.  22,  where  ebullition  was 
purposely  prolonged  nearly  five  hours.  The  total  variation  of  boiling- 
point  is  here  about  £  per  cent,  of  e20.  This  variation,  too,  is  incidental, 
and  is  largely  due  to  the  fact  that  here,  as  in  the  case  of  sulphur,  a 
gentle  current  of  carbonic  acid  circulated  through  the  tube.  In  later 
experiments  I  observed  an  almost  absolute  constancy;  but  it  is  not 
necessary  to  multiply  these  data  here. 

What  has  been  said  of  sulphur  and  mercury  is,  of  course,  eminently 
true  of  lower  boiling  points,  like  aniline  and  water,  as  Table  16  aptly 
shows.  In  case  of  substances  which  boil  at  lower  temperatures  still, 
like  alcohol  and  ether,  special  devices  for  condensing  the  vapor  in  the 
lateral  tube,  which  projects  above  the  boiling  tube,  Fig.  9,  must  be  re- 
sorted to. 

Available  substances  of  fixed  boiling  points. — With  these  results  in 
hand  I  thought  it  advisable  to  test  the  availability  of  a  few  organic 
and  other  substances  of  fixed  boiling  points.  Usually  such  substances, 
even  liquids  like  aniline,  char  or  become  so  heavily  gummed  during 
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ebullition  as  to  vary  the  boiling  point  very  perceptibly.  Results  oi 
of  this  kind  are  succinctly  given  in  the  following  table.  Succinic  and 
pyrogallic  acid,  for  instance,  are  failures,  whereas  naphthaline,  benzoic 
acid,  and  camphor,  when  heat  is  applied  gently  and  gradually,  supply 
almost  as  fixed  a  boiling  point  as  inorganic  substances.  In  the  case  oi 
solids  like  the  present  there  are  two  distinct  planes  of  demarkation  ob- 
servable. The  first  of  these  is  the  plane  of  ebullition,  and  coincides 
with  the  mean  surface  of  the  agitated  liquid.  The  other  is  the  plane  of 
condensation  or  of  solidification,  and  is  marked  by  an  opaque  ring  of  the 
substance  encircling  the  inside  of  the  tube.  The  distance  between  these 
planes  can  be  enlarged  at  pleasure  by  cautiously  increasing  the  inten- 
sity of  the  flame  of  the  ring  burner,  or  by  surrounding  the  boiling  tube 
with  a  thick  jacket  of  asbestos  wicking.  Of  course  it  is  advisable  to 
insert  the  hot  junction  in  vapor  just  above  the  plane  of  ebullition. 
Most  of  the  results  of  Table  22  are  obtained  by  older  and  more  primitive 
forms  of  apparatus,  and  could  be  much  improved  by  conducting  the  ex- 
periments in  the  new  forms.  The  table  also  contains  corrosive  sublimate, 
which  has  a  very  convenient  boiling  point  for  many  purposes. 


Table  22. — Available  substances  for  boiling-point  experiments. 


Elem. 
No. 

Substance. 

020. 

T. 

Time. 

Remarks. 

Micro- 

volts. 

°  a 

36 

Corrosive  subli- 

2632 

300 

■ 

'Apparatus  closed  by  corks,  both  of  which 

mate,  HgClj. 

2627 
2606 
2639 

300 
299 
301 

are  charred. 

2649 

303 

>  Not  taken. 

s   . 

2631 

300 

12cm  above  surface  of  liquid  (melted  HgCh). 
In  vapor. 

2631 

300 

6cm  above  surface  of  liquid.    In  vapor. 

2647 

303 

. 

( 0cm  above  surface  of  liquid. 

36 

Succinic  acid  ... 

2094 

255 

1 

f  The  acid  boils  brown,  i.  e.,  chars  and  gums 

2083 

255 

( 

.-.  boiling  point  rises  rapidly. 

2104 

256 

}  Not  taken. 

\ 

2240 

270 

| 

Ebullition  intensified. 

2300 

276 

J 

( Liquid  very  dark  brown. 

36 

Naphthaline 

1741 

210 

h.  m. 
1  45 

Boils  well  and  clear;  combustion  tube  ele- 

1696 

205 

55 

ment  2nm  above  surface  of  liquid.    Very 

1696 

205 

2    0 

distinct  planes  of  demarkation. 

1691 

205 

8 

1679 

204 

15 

1692 

205 

20 

1730 

209 

55 

More  naphthaline    added.     This  obviously 

1730 

2C9 

57 

changes  the  composition  of  tbe  mass  and 
the  boiling  point. 

36 

Pyrogallic  acid.. 

1818 

218 

No  constancy  of  temperature.  Decomposed, 
forming  a  viscous  mass. 
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Table  22.— Available  substances  for  boiling  point  experiments— Continued. 


Elem. 
No. 

Substance. 

e20. 

T. 

Time. 

2  25 
30 
37 

Remarks. 

36 

Benzoic  acid 

Micro- 
volts. 
1731 
2071 
2071 

°  C. 
209 

254 

251 

Boils  quietly;  perhaps  more  so  than  naphtha- 
line. 

2071 

254 

45 

2071 

254 

3    0 

2077 

255 

25 

2077 

255 

35 

36 

Camphor 

1632 
1638 
1638 

209 
210 

210 

4    0 
45 

20 

Boils  quietly.    Preferable  to  benzoic  acid. 
Scarcely  changes  color.    Inodorous. 

1645 

211 

45 

1649 

211 

5  15 

1642 

211 

35 

1640 

211 

6    0 

Distance  Between  planes  of  demarcation  = 
12c:n.    Asbestos  jacket  evon  red  hot  at  one 

1634 
1644 

210 
211 

C    0 
6     0 

point. 

—  >  just  below  upper  plane  of  demarkation. 

—  >  just  above  lower  plane  of  demarkation. 

Data  for  the  variation  of  boiling  point  with  pressure  with  a  special 
view  to  thermometric  application  have  been  investigated  for  naphthaline 
(218°)  and  benzophenol  (306°)  by  Crafts.1  The  possibility  of  using  selen- 
ium in  glass  boiling  tubes  has  been  demonstrated  by  Troost.2  V.  Meyer3 
has  made  use  of  amylbenzoate,  diphenylamin,  and  phosphorous  penta- 
sulphide. 

Volatilizing  points. — In  addition  to  the  experiments  on  boiling  points, 
I  made  an  attempt  to  utilize  the  above  apparatus  for  measuring  points 
of  volatilization.  Professor  F.  W.  Clarke  suggested  the  arsenic  point  as 
a  desirable  and  insufficiently  known  datum  and  Mr.  G.  F.  Becker  made 
a  special  request  for  the  point  of  volatilization  of  cinnabar.  With  both 
of  these  substances  as  well  as  with  sal  ammouiac  I  made  large  numbers  of 
experiments,  but  failed  in  getting  satisfactorily  constant  and  reliable  re- 
sults. The  effect  of  applying  the  ring  burner  around  the  sublimable  solid 
in  the  tube  is  to  form  a  very  perfect  hyperboloid  of  one  nap,  as  it  were ; 
a  figure,  in  other  words,  which  resembles  in  form  a  united  stalactite  and 
stalagmite.  The  effect  of  heating  is  to  volatilize  the  solid  around  the 
plane  of  the  ring  burner,  and  condensation  takes  place  above  and  below 
the  plane,  forming  the  figure  specified.  A  priori,  it  might  be  argued 
that  so  long  as  the  hyperboloid  remains  intact  and  completely  envelops 
the  thermo-element,  so  long  will  the  temperature  of  the  junction  not 
increase  above  the  point  of  sublimation  of  the  substance.     Except  in 


« Crafts,  Chem.  Ber.,  vol.  20,  1887.  p.  709. 
2 Troost,  C.  R.,  vol.  95,  1882,  p. 30. 


Goldschmidt  u.  Meyer;  Chem.  Ber.,  1882,  vol.  10,  p.  137. 
(775) 


122 


MEASUREMENT  OF  HIGH  TEMPERATURES. 


[BULL.  & 


the  case  of  TJ4K01,  in  which  sublimation  is  very  rapid,  I  was  not  abl 
by  using  the  tubes  to  obtain  very  distinct  points  of  sublimation,  sho\s 
ing  an  unmistakable  tendency  of  these  substances  to  superheat,  o 
at  least  to  contain  superheated  vapor  in  the  interstices  of  the  rnas* 
Arsenic,  for  instance,  forms  a  distinct  mirror  on  the  tube  before  an; 
constancy  of  temperature  is  reached,  and,  moreover,  the  temperatur 
may  be  increased  above  this  point  almost  to  the  limits  of  heatin; 
capacity  of  the  burner.  In  the  case  of  cinnabar  the  conditions  are  stil 
further  complicated  by  the  tendency  of  this  substance  to  decompose  ii 
air  at  high  temperatures.  It  is  necessary,  therefore,  to  pass  thrOugl 
the  tube  a  current  of  carbonic  acid.  By  doing  so,  however,  the  tend 
ency  to  irregularities  of  thermal  constancy  are  much  increased.  Fo 
the  reasons  stated  I  think  it  preferable  to  withhold  my  data  from  thi, 
chapter  altogether,  and  to  publish  them  in  connection  with  certain  ex 
periments  on  the  relation  between  boiling  point  and  pressure  which 
have  in  view.  For  such  experiments  the  above  apparatus,  Fig.  11,  ii 
eminently  fie.  Possibly  if  the  given  substances  be  under  sufficien 
pressure  to  liquefy  them  at  the  subliming  point,  a  true  value  for  the  tern 
perature  of  ebullition  may  be  found. 

Subsidiary  data. — In  conclusion  I  desire  to  insert  here  a  number  o 
subsequent  results,  the  electro-motive  force  of  which  is  given  on  a  dif 
erent  scale  from  that  heretofore  adopted.  These  data  are  not  to  be  pu 
in  relation  with  the  results  given  above,  but  are  subsidiary  as  regards 
the  matter  discussed  in  Chapter  IV,  on  which  they  have  an  importam 
bearing.  In  each  case  the  apparatus  used  to  obtain  them  has  been  tin 
perfected  form,  and  the  results  are  therefore  as  trustworthy  as  mj 
methods  can  make  them.  Allowing  for  the  difference  in  the  assumec 
value  of  the  standards  used,  they  agree  with  such  results  as  have  al 
ready  been  given,  with  all  desirable  nicety. 

Table  23. — Calibration  in  zinc  vapor,  December  10, 1886. 
[Charge  of  crucible,  9  ounces.] 


No. 

t. 

e. 

e-2o. 

Time. 

Mean  620, 
37,  38,  39, 40. 

o  a 

Micro- 
volts. 

Micro- 
volts. 

h.  m. 

Microvolts. 

22 

20 

9830 

9830 

2  15 

11033 

35 

21 

11070 

11078 

20 

36 

22 

10980 

10997 

25 

37 

23 

,  11010 

11036 

30 

22 

24 

9780 

9814 

35 

38 

25 

10980 

11023 

37 

39 

26 

10980 

11031 

40 

40 

27 

10980 

11040 

45 

22 

28 

9735 

9803 

55 

22 

28 

9780 

9848 

3  00 

The  following  results  were  obtained  at  a  later  date.    The  thermo- 
couples are  tested  in  three  different  furnaces,  placed  side  by  side  and 

(776) 


BABU8.J 


CALIBRATION   OF   ELECTRICAL   PYROMETERS. 


123 


heated  at  the  same  time  to  different  degrees  of  redness.     The  mean  tem- 
perature of  the  outside  of  crucible  was  measured  and  found  to  be  1,400°. 

Table  24. — Calibration  in  zinc  vapor,  November  10,  1887. 


Couple 
No. 

t. 

e. 

C20. 

Time. 

Furnace 
No. 

Mean  «2o, 
37,  38,  39,  40. 

°  G. 

Micro- 
volts. 

Micro- 
volts. 

h.  m. 

Microvolts. 

37 

20.8 

11065 

11070 

1  40 

1 

11074 

37 

21.2 

11065 

11070 

1  50 

2 

37 

22.8 

11050 

11070 

2   5 

3 

38 

23.6 

10995 

11030 

2  14 

1 

38 

24.0 

11013 

11050 

2  20 

2 

38 

24.8 

11030 

11070 

2  30 

3 

39 

25.3 

11040 

11080 

2  40 

1 

39 

26.0 

11075 

11130 

2  45 

2 

39 

26.6 

11030 

11090 

2  50 

3 

40 

27.0 

10995 

11050 

2.  55 

3 

22 

27.3 

9883 

9950 

3   0 

3 

Table  25. — Calibration  in  tin. 


No. 

, 

e. 

e»o. 

Time. 

°  a 

Micro- 
volts. 

Micro- 
volts. 

ft.  m. 

22 

20 

15630 

15630 

6  30 

35 

21 

18460 

18468 

35 

22 

21 

15860 

15868 

40 

22 

22 

15300 

15317 

40 

22 

23 

16100 

16126 

40 

36 

24 

18950 

18984 

50 

37 

25 

18950' 

18993 

55 

An  accident  here  stopped  the  experiment  at  intense  white  heat.  It 
has  been  stated  that  a  thick,  viscous  slag  soon  forms  over  the  surface 
of  the  tin  and  the  walls  of  the  crucible,  wholly  enveloping  the  metal 
within  it.  A  criterion  for  the  boiling  point  of  tin,  therefore,  will  con- 
tinue to  be  difficult  of  determination. 

Table  26. — Calibration  in  bismuth. 


No. 

t. 

e. 

em. 

Time. 

°  C. 

Micro- 
volts. 

Micro- 
volts. 

ft.  m. 

22 

20 

11790 

11790 

6   0 

22 

20 

12620 

12620 

5 

22 

20 

13940 

13940 

15 

22 

20 

14800 

14800 

25 

22 

20 

15780 

15780 

30 

22 

20 

16380 

16380 

35 

22 

20 

16510 

16510 

40 

22 

20 

16630 

16630 

45 

22 

20 

15550 

15550 

50 

22 

20 

1C900 

16900 

55 
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This  is  very  nearly  the  electric  datum  for  the  boiling  point  of  bismuth, 
at  least  globules  of  bismuth  are  scattered  around  the  walls  of  the  cruci- 
ble. The  bismuth  slag  is  not  so  dark  and  opaque  as  the  antimony  slag, 
indeed,  often  quite  colorless. 

Table  27. — Calibration  in  antimony. 


No. 

t. 

e. 

C20. 

Time. 

• 

°  0. 

Micro- 
volts. 

Micro- 
volts. 

h.  m. 

22 

20 

15200 

15200 

6  10 

20 

16000 

16000 

15 

20 

17550 

17550 

20 

20 

18000 

18000 

25 

In  these  experiments  intense  white  heats  are  produced  by  firing  the 
furnace  with  two  parallel  blast  burners,  opposite  in  direction  so  as  to 
blow  a  vortex  of  flame  in  the  furnace.  The  crucible  is  finally  corroded 
through,  the  antimony  forming  a  corrosive  opaque  glaze  with  the  clay 
of  the  crucible.  A  few  small  globules  up  as  high  as  the  flat  lid  of  the 
crucible  (Fig.  14)  indicated  very  approximate  ebullition. 
Many  other  experiments  of  the  same  class  were  made,  in  all  of  which 
the  intensest  degrees  of  white  heat  obtainable  in  the 
furnace  (Fig.  14)  were  applied.  Two  and  even  three 
injectors  were  inserted,  the  blasts  for  which  were  fur- 
nished by  a  large  bellows  of  Fletcher's  pattern,  run 
by  a  one  horse  power  gas-engine.  The  data  are  sub- 
servient to  the  investigation  in  Chapter  IV,  where 
the  attempt  is  made  to  calibrate  the  thermo-couple 
by  direct  comparison  with  the  gas-thermometer.  In 
this  place,  however,  it  is  well  to  remark  that  definite 
data  on  the  boiling  point  of  antimony,  bismuth,  lead, 
tin,  etc.,  will  probably  not  be  attainable  by  such  a 
method  as  the  present,  except  by  heating  these  sub- 
stances intensely  in  vacuo.  Such  experiments  I 
hope  to  make  at  an  early  date,  using  for  this  pur- 
pose the  form  of  crucible,  Fig.  14a,  which  can  be 
hermetically  sealed.     (See  Preface,  page  22.) 

Thermo-electric  datum  for  the  melting  point  of  plati- 
num.— Finally,  it  is  interesting  to  contrast  these  high- 
temperature  data  with  the  values  obtained  when  the 
junction  of  the  platinum-platinum-iridium  thermo- 
couple is  heated  by  the  oxyhydrogen  blow-pipe  to 
extreme  degrees  of  fusion.  It  is  necessary  for  this 
purpose  to  make  a  thermo-couple  of  very  thick  wires 
fig.  23.  Apparatus  for  and  to  insulate  them  by  aid  of  tubes  of  calcined 
Snum gpoiDt  °f  pla'  lime.    In  Fig.  23  a  convenient  method  of  experiment 
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is  shown.  A  A  is  a  block  of  lime  into  which  two  capillary  holes  have 
been  drilled,  just  large  enough  to  receive  the  wires  fi  and  y  of  the 
thermo-couple.  These  are  united  above  by  a  little  button  of  platinum 
lying  at  the  base  of  a  spherical  cavity  in  the  block  A  A.  B  is  an  oxy- 
hydrogen  blow-pipe  by  which  the  button  is  fused.  A  lid  of  calcined 
lime  similar  to  the  block  A  A  in  form  but  having  a  lateral  outlet  oppo- 
site B  may  be  added.  But  the  ignition  is  intense  enough  without  this. 
In  the  following  table  are  given  the  values  for  e20  obtained  by  heating 
the  button  in  the  open  hearth,  Fig.  23.  The  thermo-couple  is  old  No. 
18,  the  wires  of  which  have  been  fused  and  drawn  over  again. 

Table  28. — Thermo-electric  datum  for  temperatures  above  the  melting  point  of  platinum. 


No. 

, 

020. 

Time. 

Remarks. 

°  G. 

Micro- 
volts. 

h.  m. 

18 

20 

20400 

1  48 

First  experiment. 

20 
20 

20000 
20400 

2  50 

3  00 

^Second  experiment.    Fresh 
)    block  of  lime. 

20 

20000 

5  33 

yriiird  experiment.    Fresh 

20 

20400 

50 

)    block  of  lime. 

The  curiously  constant  electrical  result  for  the  temperature  of  the 
oxyhydrogen  flame  under  the  given  circumstances  is  remarkable.  It 
is  interesting  to  note  that  when  by  any  accident  metallic  connection  is 
broken,  there  at  once  appear  violent  polarization  disturbances.  This 
shows  that  at  the  temperature  of  the  OH2  blow-pipe,  lime  is  quite  a 
good  conductor  of  electricity,  for  it  is  less  probable  that  under  the 
given  conditions  conduction  should  take  place  through  the  hot  gases. 

The  thermal  equivalent  of  the  value  of  e  in  hand,  however,  is  only 
1,600°,  a  datum  certainly  too  small  by  200°  or  more.  This  small  value 
is  significant.1  It  is  in  accordance  with  the  small  thermal  datum  f<»r 
the  boiling  point  of  zinc,  calculated  from  thermo-electric  data,  which 
apply  only  for  the  interval  0°  to  400°  (cf.  p.  116).  Hence  it  appears  that 
the  equation  e=ar-\-bz  a  is  an  approximation,  and  that  in  high-temper- 
ature work  the  term 

c(T3-V) 

can  not  be  neglected.  This  is  equivalent  to  saying  that,  apart  from 
considerations  involving  the  Thomson  effect,  the  electro-motive  force 
at  each  junction  of  the  thermo-couple  has  virtually  the  form 

e=at+bt2+ct*+     .... 

and  that  the  real  nature  of  the  function  e  is  not  known.  It  is  probable, 
however,  that  for  practical  thermometry  an  equation  with  three  con- 
stants will  suffice  for  all  attainable  ranges  of  temperature. 

1  Cf.  Introduction,  pp.  49  and  50. 
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OHAPTEE    III. 

CERTAIN    PYRO-ELECTRIC    QUALITIES    OF    THE    ALLOYS    OF 

PLATINUM. 

EXPLANATION. 

The  immediate  object  of  the  investigations  given  in  this  chapter 
is  to  determine  the  approximate  effect  produced  on  the  galvanic  and 
the  thermo-electric  properties  and  on  the  density  of  platinum  by  alloy- 
ing this  metal  with  small  amounts  of  some  other  metal.  Not  being 
sufficiently  versed  in  the  chemistry  of  the  platinum  group  myself,  and 
not  wishing  to  burden  my  associates  with  the  tedious  task  of  rigorous 
chemical  purification,  I  contented  myself  with  a  practical  survey  of  the 
electrics  of  the  platinum  metals;  nor  was  there  enough  time  at  my  dis- 
posal to  justify  the  attempt  of  an  exhaustive  examination. 

The  plan  which  under  these  circumstances  suggested  itself  to  me  was 
to  have  a  homogeneous  ingot  of  platinum  drawn  down  to  a  single  length 
of  tolerably  thin  wire,  and  then  to  compare  the  electrics  of  consecutive 
parts  of  this  wire  in  their  original  and  alloyed  state  with  each  other. 
A  coil  of  wire  consisting  of  a  single  length  about  131  meters  and  weigh- 
ing nearly  420  grains  was  drawn  down  for  me  by  the  Malvern  platinum 
works.  The  wire  itself,  weighing  about  3.2  grains  per  meter,  was 
nearly  0.043cm  in  diameter.  I  was  the  more  easily  able  to  acquiesce  in 
this  simple  method  of  obtaining  a  platinum  body  for  the  alloys  since, 
in  earlier  experiments  of  our  own,  samples  of  platinum  and  platinum 
alloys  obtained  in  Paris  could  be  fused  over  without  producing  any 
serious  variation  of  constants,  and  since  I  inferred  from  the  researches 
of  Deville  and  Troost  that  the  intense  heating  of  platinum  on  a  lime 
hearth  before  the  oxyhydrogen  blow-pipe,  was  itself  a  sufficient  method 
of  purification  so  far  as  the  elimination  of  volatile  and  oxydizable  con- 
stituents is  concerned.  Moreover,  it  has  been  stated  in  Chapter  I  that 
the  general  plan  of  work  was  to  be  such  that  special  stress  might  be 
put  on  the  effect  of  vanishing  quantities  of  an  alloying  metal  added  to 
platinum.  Hence  I  looked  principally  to  obtaining  a  metallic  body  for 
the  alloys  showing  fixed  properties  before  and  after  melting. 

In  the  course  of  the  investigation,  however,  it  became  painfully  ob- 
vious that  the  labor  of  making  the  alloys,  the  fusions,  rolling  and  wire 
drawing,  the  experimental  evaluation  and  the  computation  of  the  con- 
stants had  been  very  much  underrated.  I  found,  in  other  words,  after 
about  oue  half  of  my  investigation  had  been  completed,  that  the  amount 
of  work  expended  could  have  been  justified  only  ii  the  work  had  been 
m  (780) 
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3egun  with  absolutely  pure  materials.  I  fouud,  too,  that  the  purity 
jests  which  had  originally  been  made  were  not  rigorously  sufficient; 
jhat  portions  of  the  single  wire  of  platinum  lying  far  apart  differed 
nore  seriously  in  their  electrics  than  I  had  apprehended,  and  that  the 
platinum  itself  when  exposed  before  the  oxyhydrogen  blow-pipe  during 
ong  intervals  of  time  (several  hours)  showed  very  measurable  changes 
)f  the  constants  which  had  originally  characterized  it,  and  must  there- 
fore have  changed  somewhat  in  composition.  An  exhibit  of  the  numeri- 
cal values  of  all  discrepancies  here  involved  will  be  given  in  the  course 
>f  the  chapter. 

When  so  large  a  part* of  the  investigation  had  been  completed,  how- 
ever, it  seemed  expedient  to  push  it  to  a  close;  for  the  classification 
liagram  of  the  platinum  alloys,  which  I  was  desirous  of  evolving,  could 
aot  lead  to  serious  misapprehension  if  only  the  scale  of  representation 
ae  chosen  sufficiently  small ;  if  the  profile,  in  other  words,  were  reduced 
x>  a  sufficiently  small  scale  to  make  the  errors  negligible.  Indeed,  this 
ippeared  desirable  because  no  general  study  of  the  electrics  of  the  pla- 
tinum alloys  as  complete  as  my  own  has  as  yet  been  made.  Again, 
since  in  the  scheme  of  fusing  2  per  cent.,  5  per  cent.,  and  10  per  cent, 
illoys,  it  was  customary  to  use  consecutive  lengths  of  the  platinum 
tfire,  the  results  at  least  show  the  effect  of  alloying  a  specified  metal  to 
i  given  body  of  platinum.  Finally,  the  plan  of  operation  by  which  the 
tvork  was  done  is  worthy  of  description,  and  with  the  amount  of  expe- 
•ience  gained  in  prosecuting  this  tedious  research  I  will,  at  an  early 
)pportunity,  be  able  to  repeat  the  work  and  bring  the  constants  fully 
ip  to  the  standard  of  accuracy  desired ;  in  other  words,  to  make  the 
memical  measurement  compatible  with  the  electrical  measurements. 

Despite  the  discrepancies  mentioned,  this  chapter  is  not  barren  in 
ipecial  results;  and  perhaps  my  main  motive  in  publishing  the  data  is 
I ue  to  the  fact  that  they  lead  to  a  relation  between  the  electrical  con- 
luctivity  of  platinum  alloys  and  the  temperature  coefficient  of  that 
ponductivity,  which  is  so  nearly  independent  of  the  (alloyed)  composi- 
ion  of  the  metals  that  I  feel  urged  to  ascribe  to  it  the  importance  of  a 
aw.  Very  clearly  does  this  appear  when  the  present  results  for  alloyed 
)latinuui  are  compared  with  a  series  of  corresponding  results  long  since 
bund  by  Dr.  Strouhal  and  myself  when  working  with  steel.  I  filly 
)elieve  that  in  endeavoring  to  explain  the  mechanism  of  electrical  re- 
istance,  the  law  in  question  will  be  more  fruitful  in  suggestions  than 
jny  allied  phenomenon  which  has  yet  been  investigated.  Inasmuch  as 
used  platinum  appears  to  be  the  universal  solvent  for  metals,  the 
ncontestable  importance  of  series  of  data  such  as  I  here  endeavor  to 
nvestigate  is  more  obvious  in  proportion  as  the  number  of  metallic 
ombinations  obtainable  is  larger. 

To  recapitulate,  therefore,  the  law  in  question  (I  use  the  term  "  law" 
imply  to  facilitate  expression)  is  independent  of  the  ingredients  of  the 
Hoy  except  in  so  far  as  they  modify  its  electrical  conductivity.    Alloy- 
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ing  is  here  merely  a  method  of  modifying  resistance,  and  the  resull 
are  studied  with  regard  to  the  resistance  produced,  not  with  regard  1 
the  way  in  which  resistance  is  modified.  In  all  of  this  work  the  chi< 
object  is  to  get  nearer  the  true  nature  of  electrical  resistance,  as 
means  possibly  subsidiary  to  arriving  at  some  results  relative  to  th 
nature  of  electricity  itself. 

FUSION  AND  MECHANICAL  TREATMENT  OF  THE  ALLOYS. 

Fusion,  rolling. — It  has  just  been  stated  that  it  was  my  purpos 
to  obtain  groups  of  2  per  cent.,  5  per  cent.,  and  10  per  cent,  platinur 
alloys  of  as  many  metals  as  possible.     The  quantities  were  therefor 
weighed  out  in  proper  proportion  and  fused  on  a  lime  hearth,  befor 
the  oxyhydrogen  blow-pipe.     The  blow-pipe  is  identical  with  the  on 
described  in  the  next  chapter.     The  hearths  consisted  of  cubes  or  red! 
angular  solids,  cut  with  a  hack  saw  from  a  large  lump  of  lime  as  fre 
from  fissures  as  possible.     Into  each  of  the  sides  semicircular  cavitie 
were  dug,  with  a  semicircular -faced  drill,  on  the  lathe.     Nickel,  gold 
copper,  palladium,  and  tin  were  quietly  absorbed  by  the  melted  plat; 
num  globule.     Silver  boiled  perceptibly.     Iron,  and  more  particular! 
aluminium  and  manganese,  were  absorbed  explosively.      Chromium 
cobalt,  and  even  iridium  were  apt  to  splutter.     Zinc,  molybdenum,  an 
timony,  bismuth,  lead,  must  be  frequently  added,  but  the  quantity  ab 
sorbed  was  usually  sufficiently  large  to  change  the  qualities  of  platinui!! 
perceptibly.     With  regard  to  rolling,  it  may  be  stated  that  the  10  pe 
cent,  gold  and  the  10  per  cent,  tin  alloys  are  too  brittle,  and  must  there 
fore  be  diluted  with  further  amounts  of  platinum.     In  the  same  way 
per  cent,  chromium,  5  per  cent,  aluminium,  10  per  cent,  copper,  and  H 
per  cent,  nickel  alloys,  and  others,  usually  break  on  rolling.    Cobal  i 
alloy,  moreover,  absorbs  gas  and  inflates  itself  on  cooling.     Iron  alloy 
10  per  cent.,  could  be  rolled  by  superficially  fusing  the  rifts.    This  ex 
pedient,  though  not  rigorously  in  favor  of  homogeneity  of  compositioo 
had  to  be  frequently  resorted  to;  for  instance,  in  case  of  antimony,  bis 
muth,  zinc,  silver,  and  lead  alloys  which  are  more  or  less  porous  afte] 
fusion.     Curious  properties  seem  to  be  possessed  by  the  tin  alloys,  in 
asmuch  as  the  10  per  cent,  alloy  is  brittle  and  hard  enough  to  scratcl 
iron.     Experiments  were  made  in  rolling  hot  ingots,  but  with  doubtfu 
success,  the  quantities  being  too  small  to  retain  their  heat  for  any  length 
of  time.     I   add,  finally,  that  the  work  threw  some  light  on  the  con 
ditions  of  diffusion  of  any  liquid  metal  in  any  other  liquid  metal,  a 
phenomenon  as  yet  imperfectly  known. 

Preliminary  data,  density. — In  all  about  fifty-two  alloys  were  fused  tc 
buttons.  These  were  then  rolled  to  little  bars  of  platinum  about  10Ctt 
or  more  in  length,  and  about  0.013  Dcm  in  section.  Alloys  of  this  length 
and  section  are  suitable  for  preliminary  measurements  of  resistance 
and  density.  The;  data  for  density  are  given  in  Table  29.  They  were 
obtained  by  suspending  the  platinum  rods  from  a  fiber  of  silk  in  a  long 
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stand-glass  of  distilled  water  ami  making  the  customary  measurements. 
To  mak«  the  process  more  convenient  the  left-hand  scale-pan  was  re- 
placed by  a  special  lateral  arm,  being  virtually  a  bent  lever,  the  weight 
of  which  was  concentrated  as  near  its  lower  end  as  practicable,  in  order 
that  the  platinum  rod  might  be  hung  as  far  from  the  center  of  figure  or 
standard  of  the  balance  as  possible.  In  this  way  abundant  room  for 
the  stand-glass  was  easily  secured.  Measurements  of  density  are  sub- 
servient tor  the  calculation  of  specific  resistances,  but  they  have  an 
intrinsic  value  of  their  own. 

Table  29  contains  the  results  of  the  density  experiments.  In  it  I,  q, 
and  m  refer  to  the  length  (cm),  the  section  (acm),  and  the  mass  (g)  of  the 
bars  of  alloy.  z/t  and  A0  denote  their  densities  at  t°  and  0°,  respect- 
ively. The  alloys  are  usually  arranged  in  series  of  increasing  percent- 
ages of  alloy,  but  where  more  than  three  alloys  are  examined  these 
percentages  must  be  inferred  from  the  values  of  Z/0.  Special  analysis 
of  all  the  wires  would  be  superfluous,  for  the  reasons  stated  in  the  in- 
troduction.   The  results  are  intended  to  be  purely  physical. 

Table  29. — Density  of  platinum  alloys. 


No. 


0 

7 


9 
10 
10 

» 

12 
12 
13 

P 
14 

14 

15 


Alloy. 


Platinum , 

..  do 

...do 

Gold  

...do 

...do 

...do 

...do 

..do ... 

Silver 

...do 

...do 

...do 

...do 

..  do 

Palladium 

..do 

...do 

...do 

..do 

...do 

Iridium 

...do 

...do 

...do 

...do 

...do 

Copper  

...do 

...do 

...do 

i — do 

Bull.54- 


l 

<1    ■ 

m 

t 

At 

Ao 

22.80 

0.01233 

5. 9P89 

0 

19.5 

21.305 

21.321 

22.18 

1187 

5. 6108 

18.0 

21.  297 

21.311 

22.18 

1187 

5.  6108 

12.6 

21.303 

21.313 

15.46 

0. 01333 

4. 3877 

20.0 

21.290 

22. 306 

15.45 

1335 

4.  3877 

13.2 

21.260 

21.270 

15.50 

1343 

4.4177 

20.2 

21.200 

21.222 

15.48 

1345 

4.4177 

13.4 

21.211 

21.221 

35.80 

0746 

5.  6434 

13.4 

21. 128 

21.138 

35.82 

0743 

5.  6433 

20.3 

21.191 

21. 207 

15.22 

0.  01285 

4. 1344 

20.3 

21. 138 

21. 154 

15. 23 

1282 

4.1346 

13.5 

21.163 

21. 173 

23.92 

1263 

6. 3454 

13.6 

20. 991 

21. 002 

24.05 

1265 

•  6. 3798 

20.3 

20. 964 

20. 980 

24.05 

0759 

3. 5377 

20.2 

19. 380 

19.396 

24.04 

0758 

3.  5381 

13.9 

19.394 

19.  405 

16.66 

0.01252 

4. 3754 

13.5 

20.  975 

20. 965 

16.65 

1250 

4.  3754 

13.8 

21.016 

21.027 

16.10 

1316 

4.3491 

14.0 

20.  523 

20. 534 

16.11 

1314 

4. 3492 

13.7 

20.535 

20.  546 

17.60 

1280 

4.4809 

13.9 

19.  892 

19.  903 

17.60 

1278 

4. 4810 

14.2 

19.  904 

19.  915 

16.34 

0.  01265 

4. 3896 

14.3 

21.237 

21.  248 

16.27 

1265 

4.  3819 

14.3 

21.283 

21. 294 

16.00 

1288 

4.  3865 

14.5 

21. 282 

21. 293 

16.01 

1289 

4.  3866 

14.6 

21. 252 

21.264 

17.95 

1280 

4. 8977 

14.8 

21. 308 

21.  320 

17.85 

1282 

4.  8804 

14.8 

21.  306 

21.318 

15.95 

0.01315 

4.  3335 

15.4 

20. 662 

20.  674 

15.68 

1317 

4.  2718 

14.8 

20. 666 

20.678 

14.74 

1298 

3.9415 

15.0 

20.  584 

20. 596 

15.02 

1293 

3.9990 

15.5 

20.592 

20.  604 

17.32 

1303 

'   4.2391 

15.8 

18.7c] 

1  797 

Ao 
Mean. 


21.315 
21. 288 
21.221 
21.172 
21. 163 

20.  991 
19. 400 

21.  006 
20.  540 

19.  909 
21.271 
21.279 
21. 319 

20.  676 
20. 600 
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Table  29. — Density  of  platinum  alloys — Continued. 


Alloy. 


Copper 

....do 

....do 

....do 

....do  

Nickel , 

...do 

....do  

...do 

...do 

...do 

Cobalt 

...do 

...do 

...do 

...do 

...do 

...do 

....do 

....do 

....do 

Iron 

....do , 

....do  

....do 

....do 

....do 

....do 

...do  

...do  

....do  

Steel 

...do 

....do 

....do 

Chromium 

...do  

....do  

....do 

...do  

....do 

...do 

...do 

Tin 

....do 

....do 

...do 

...do 

....do 

Aluminium 

....do 

..,,do 


1302 

1216 

1213 

1233 

1232 
0. 01261 

1262 

1303 

1304 

1346 

1347 
0. 01251 

1261 

1239 

1239 

1299 

1300 

1235 

1233 

1218 

1220 
0.  01242 

1245 

1274 

1275 

1274 

1273 

1211 

1209 

1227 

1225 

1228 

1222 

1220 

1220 
0.  01314 

1312 

1208 

1268 

1314 

1314 

1209 

1210 
0.  01270 

1270 

1337 

1331 

1336 

1335 
0.  01233 

1231 

1265 

(784) 


4. 2396 
3.  5194 

3.  5192 
3. 3000 
?..  2999 
4. 2666 

4.  2670 
4.  0777 
4. 0776 
4.  0350 
4. 0353 
3. 7625 
3.  7626 

3.  7870 
3. 7868 
4. 7607 

4.  7610 
8.  3455 
3.  3457 
3. 4270 
3. 4269 
3.  7304 
3. 7306 
3.  8640 
3. 8639 
3.  3087 
3.  3090 
3. 1619 
3. 1618 
3.  2563 
3.  2565 
3. 1750 
3. 1748 
3. 1627 
3. 1629 
3.  3329 
3. 3331 
3. 8581 
3. 8580 
4. 6039 
4. 6042 
3.  6762 
3. 6762 

3.  8445 
3. 8447 

4.  3782 
4.  3774 
3.  7835 
3.  7838 
3.  1842 
3. 1844 
3. 1387 


15.2 
16.5 
12.7 
13.0 
16.8 
16.0 
15.5 
15.6 
16.2 
16.5 
15.7 
16.6 
15.8 
16.0 
16.9 
17.2 
16.0 
13.9 
17.2 
17.0 
13.6 
17.2 
16.1 
16.0 
17.5 
17.5 
15.8 
12.2 
15.0 
14.8 
15.5 
18.0 
14.4 
14.5 
16.0 
16.8 
13.6 
13.6 
16.9 
16.8 
13.7 
18.4 
14.2 
16.8 
13.6 
16.8 
13.6 
16.8 
13.5 
16.8 
10.5 
1C.8 


At 


18.  796 
20.  890 
20.  922 

19.  538 

19.  560 

20.  686 
20.  660 
19. 876 
19. 876 
18.  750 

18.  727 
20.  581 
20. 572 

19.  825 
19.  831 
19. 322 

19.  310 
19. 059 
19. 116 
21/013 

20.  946 
20.  640 
20.  589 
20.  316 
20.  319 
19.564 
19. 588 
19. 730 

19.  747 

20.  872 
20.  875 
19.  515 
19. 622 
19.  942 

19.  937 

20.  888 
20.  910 
20. 493 
20.  507 
20. 154 
20. 137 

20.  761 
20. 742 

21.  098 
21.  096 

20.  921 

21.  004 
20. 438 
20.  436 
20. 444 
20.  462 
20.  712 


Aa 


18.  808 
20. 903 
20. 932 

19.  548 

19.  574 

20.  699 
20.  673 

19.  889 
19.889 
18.  763 

18.  740 

20.  594 

20.  585 

19.  838 
19.  844 

19.  335 
19. 323 
19. 070 
19. 130 

21.  027 

20.  957 
20.  653 
20.  602 
20. 329 
20.  332 
19. 577 
19.  601 
19. 740 

19.  759 

20.  884 
20.  887 
19. 529 
19.  633 
19.  953 

19.  950 
20. 901 

20.  921 
20.  504 
20.  520 
20. 167 
20. 148 
20.  775 

20.  753 

21.  Ill 
21. 107 
20. 934 
21. 015 
20. 451 
20.447 
20.457 
20. 470 
20. 725 
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No 


Alloy. 


Aluminium . , 
Manganese  . . 

....do 

....do 

....do 

Molybdenum 

....do 

....do 

....do  

...do 

Lead 

...do 

....do 

Antimony  ... 

....do 

Bismuth 

...do 

...do 

Zinc 

...do 

...do 

...do 

Cadmium 


12.00 
11.44 
11.44 
14.35 
14.34 
12.87 
14.36 
14.36 
13.76 
13.76 
16.86 
14.58 
14.57 
17.14 
17.14 
13.47 
15.02 
15.03 
13.33 
13.34 
12.29 
12.28 
12.22 


1262 

.  01296 
1298 
1287 
1287 

. 01320 
1298 
1296 
1223 
1225 

. 01278 
1212 
1213 

. 01343 
1340 

.01311 
1200 
1202 

01232 
1228 
1261 
1262 
1254 


3. 1388 
3. 0871 
3.  0872 
3. 5870 
3. 5867 
3.  6090 
3.  9585 
3.  9585 
3. 5869 

3.  5869 

4.  5626 

3.  7537 
3. 7539 

4.  7703 
4.  7703 
3.  7398 
3.  8495 
3.  8495 
3.  2990 
3. 2988 
3.  2496 
3.  2496 
3.  2667 


10.7 
11.2 
13.8 
11.4 
14.2 
14.6 
15.2 
11.8 
13.9 
18.4 
15.5 
13.0 
17.6 
15.8 
12.0 
16.1 
13.4 
17.8 
13.6 
18.2 
19.8 
20.0 


20.  715 
20.  814 

20.  779 
19. 412 

19.  434 

21.  250 
21.  239 
21.  260 
21.298 
21.  281 
21. 167 
21.  230 
21.  228 

20.  722 

20.  762 
21. 166 

21.  337 
21.  297 
20. 065 
20. 114 
20.  959 
20.  959 


Ao 


20.  724 
20.  823 

20.  790 

19.  421 
19. 445 

21.  263 
21. 252 
21.270 
21.  309 
21.  295 
21. 180 
21.  240 
21.  242 
20. 735 

20.  772 
21. 179 

21.  347 
21.311 
20.  076 
20. 128 
20.  975 
20.  975 

(21.  315) 


Ao 
Mean. 


20.  724 
20. 807 

19.  433 

21.  263 

21.  261 

21.  302 
21. 180 

21.  241 

20.  753 
21. 179 

21.  329 
20. 102 
20.  975 


Preliminary  data,  electrical  resistance  of  rods. — Having  given  the 
values  of  A0  it  is  easy  to  measure  the  resistance  of  the  bars  of  platinum 
illoy  by  carefully  applying  Matthiessen  and  Hockin's1  or  other  similar 
nethod.  The  resistometer  shown  in  Fig.  24,  is  so  conveniently  appli- 
cable that  a  short  description  may  be  given  of  it  even  if  its  principles  be 
livell  known.  The  appar  atus  may  be  made  unusually  compact  by  using 
Hohlrausch's  admirable  form  of  Wheatstone's  bridge.  In  practice  it  is 
Conveniently  inserted  in  the  same  circuit  with  the  thermopile  adjust- 
ment, and  the  two  Daniells  used  as  a  source  of  current.  All  circuits 
ire  to  be  made  momentarily,  of  course. 

In  Fig.  24  the  Kohlrausch  bridge  is  shown  at  A.  B  is  the  attach- 
ment for  small  resistances,  D  the  standard  with  which  they  are  to  be 
Compared.  Let  s  s  be  the  small  platinum  rod  to  be  tested.  It  is  firmly 
jlamped  down  by  the  insulated  levers  m  m,  which  properly  insert  it  in 
he  bridge  circuits,  m  m  and  the  similar  levers  nn,  nn,  may  be  moved 
*long  a  stout  horizontal  rod  at  pleasure,  and  then  clamped  in  any  po- 
sition. The  part  of  ss  to  be  electrically  studied  is  stepped  off  by  the 
ider  e,  the  points  of  contact  of  which  are  knife  edges  at  a  known  dis- 
tance apart.  The  rider  is  also  capable  of  being  slid  along  a  horizontal 
>od,  parallel  to  the  rod  carrying  nn,  etc.     When  in  use  e  is  held  down 

*Cf.  Maxwell:  Electricity  and  Magnetism, 2d  ed.,  1881,  p.  444. 
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by  a  suitable  spring.  One  of  these  riders  (Fig.  25)  is  detached,  and 
shown  at  r.  In  using  Matthiessen  and  Hockin's  method,  it  is  merely 
necessary  to  connect  a,  b, e,  d,  successively  with  the  galvanometer. 


Figs.  24  and  25.  Resistometer  with  detached  rider.    Scale  J. 

Table  30  contains  the  numerical  results  investigated  by  aid  of  this* 
apparatus.  rt  is  the  resistance  (ohms)  at. the  temperature  t  for  the  sec 
tion  q  cm,  and  st  the  corresponding  specific  resistance  (microhms).  The 
length  of  rider  indicates  the  efficient  length  of  platinum  rod  for  whichi 
any  datum  applies.  The  value  of  6t  in  parenthesis  refers  to  thin  wire 
as  containued  in  Table  31. 


Table  30. — Electrical  resistance  of  platinum  alloys  (thick  ivires). 
[rider  —  length  =  10.04cm.  j 


No. 


Alloy. 


Platinum 

..do 

Gold 

...do 

...do 

Silver 

...do 

..  do 

Palladium 

--do 

--do 

Iridium 

...do 

...  do 

(78C) 


rt 

t 

9 

St 

(st) 

1245 

20 

0. 01233 

15.35 

15.5 

1285 

18 

0. 01187 

15.26 

15.  5 

1424 

20 

0.  01333 

18.  98 

19.2 

1678 

21 

1343 

22.44 

22.  7;' 

3441 

21 

0743 

25.58 

25.9 

1516 

22 

0.01285 

19.48 

19.7 

1802 

22 

1265 

22.  79 

23.  0 

4586 

22 

0759 

34.80 

35.2 

1560 

21 

0. 01252 

19.53 

19.7! 

1628 

20 

1314 

21.40 

21.6 

1864 

20 

1280 

23.86 

24.1 

1571 

17 

0.01265 

19.87 

20.1 

1642 

17 

1289 

21.17 

21. 4  i 

1909 

17 

1280 

24.43 

24.7. 
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Table  30.— Electrical  resistance  of  platinum  alloys  (thick  wires)— Continued. 

[rider  =  leno;th-10.04cm.] 


Alloy. 


Copper 

...do 

...do 

...do  

....do  

Nickel 

...do  

...do 

Cobalt 

...do 

...do 

...do....... 

...do 

Iron 

....do  ....... 

...do 

...do 

...do 

...do 

...do 

Chromium... 
...do  ....... 

...do 

...do 

Tin 

...do... 

...do  

Aluminium . 

..-.do 

Manganese  . 

..do 

Molybdenum 

...do 

...do  

Lead 

..  do 

Antimony  .. 

Bismuth 

...do 

Zinc 

..do    

Cadmium 


2397 

2628 

4899 

2118 

4531 

1739 

2110 

2503 

2379 

3245 

2680 

3617 

2004 

2961 

2946 

5071 

4585 

2409 

5025 

3791 

2166 

3294 

3227 

2652 

1714 

1942 

2961 

2001 

1743 
20. 11 
38.94 

1273 

1478 

1438 

1211 

1457 

2200 

1223 

1381 

3894 

1973 

1191 


<7 

» 

0.01315 

31.51  | 

1293 

33.97 

1303 

63.82 

i216 

25.69 

1232 

55.87 

0.  01261 

21.93 

1304 

27.51 

1346 

33.71 

0.01261 

30.01 

1239 

40.21 

1299 

34.83 

1233 

44.69 

1218 

24.45 

0. 01242 

36.80 

1275 

37.57 

1274 

64.62 

1209 

55. 55 

1227 

29.51 

1222 

61.70 

1220 

46.24 

0.01314 

28.47 

1268 

41.  75 

1314 

42.41 

1210 

32.06 

0.  01270 

21.78 

1337 

25.97 

1336 

39.56 

0.  01233 

24.68 

1265 

22.04 

0.  01298 

26.11 

1287 

50.11 

0. 01320 

16.79 

1298 

19.18 

1223 

17.61 

0.01278 

15.48 

1212 

17.68 

0.01343 

29.54 

0.01311 

16.04 

1200 

1C.  CO 

0. 01232 

47.84 

0.01261 

24.75 

0. 01254 

15.0 

31.92 
31.41 
64.65 
26.18 
56.92 
22.22 
27.87 
34.14 
30.40 
40.73 
35.28 


37.27 
38.05 
65.47 
56.60 
30.06 
62.86 
47.11 
28.84 
42.30 
42.96 
32.67 
22.06 
26.30 
40.08 
25.00 
22.33 
26.45 
50.76 
17.01 
19.43 
17.94 
15.68 
18.01 
29.92 
16.25 
16.91 
48.74 
25.21 


EXPERIMENTAL   DATA. 

Further  mechanical  treatment  resistance  of  wires. — Leaving  the  dis- 
cussion and  comparison  of  these  results  for  the  text  below,  I  may  state 
that  the  experiments  were  continued  by  rolling  and  drawing  down  the 
wires  in  a  wire-plate  to  a  mean  diameter  of  about  ,046cm.  With  these 
dimensions,  the  wires  were  manifestly  well  suited  for  a  repetition  of  the 
resistance  measurements  just  discussed  under  conditions  thoroughly  dif- 
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ferent  from  the  above.  In  two  respects,  however,  must  the  following 
results*for  specific  resistance  vary  essentially  from  the  former  results 
During  the  process  of  drawing  the  wires  down  from  the  larger  sectior 
(106x  q=  12,000  Dcm)  to  the  smaller  section  (106x  #  =  1,200  ocm),  break 
ages  are  not  always  avoidable  nor  even  unfrequent;  hence,  it  is  neces 
sary  to  refuse  and  to  work  the  metal  over  thoroughly.  Thus  it  happens 
that  certain  metallic  constituents  are  partially  volatilized.  Again,  the 
thin  and  thick  wires  can  not  be  identical  in  homogeneity  in  the  way 
called  for  by  the  present  measurement  unless  the  thick  wires  were 
themselves  thoroughly  homogeneous  at  the  outset,  a  condition  not  to 
be  premised.  Hence  the  data  of  Table  31,  the  symbols  of  which  have 
the  same  signification  as  in  Table  30,  will  not  be  rigorously  identical. 

The  present  data  of  resistance  of  thin  wires  are  to  be  compared  in  the 
sequel  with  the  thermo-electric  and  other  data  of  the  same  wires.  It  is 
thus  manifestly  necessary  to  evaluate  the  respective  constants  of  small 
lengths  or  parts  of  each  of  the  wires.  Inasmuch  as  all  the  data  may  be 
obtained  accurately  from  less  than  10cm  of  wire,  and  since  for  thermo- 
electric comparison  only  a  mere  point  of  this  same  partial  length  is  nec- 
essary, it  is  obvious  that  the  galvanic  and  thermo-electric  constants  may 
be  obtained  from  a  length  of  wire,  the  homogeneity  of  which  may  be 
assumed  with  impunity.  For  the  total  length  being  from  100cm  to  200cm 
the  efficient  length  is  in  every  case  less  than  one-tenth  the  length  of  the 
whole  wire.  It  will  be  seen  below  that  the  stress  I  place  on  these  re- 
sults is  by  no  means  superfluous. 

These  remarks  lead  directly  to  Table  31. 


Table  31. — Electrical  resistance  of  platinum  alloys  (thin  wires). 


No. 


Alloy. 


n 

t 

#xl06 

12370 

19 

1257 

13300 

19 

1439 

15620 

19 

1452 

17380 

19 

1452 

13490 

22 

1466 

15450 

22 

1486 

22360 

22 

1548 

13170 

22 

1493 

14170 

22 

1520 

16490 

22 

1486 

13110 

22 

1534 

13740 

22 

1534 

15960 

22 

1520 

20660 

21 

1562 

22000 

21 

1548 

40330 

20 

1576 

15160 

23 

1713 

31520 

23 

1706 

14170 

22 

1583 

17*70 

22 

1576 

Platinum  . 
..-.do 

Gold 

....do 

....do 

Silver 

....do 

....do 

Palladium 

....do 

....do 

Iridium... 

....do 

....do 

Copper  . . . 

....do 

....do 

...  do  ..... 
....do 

Nickel 

....do 


15.55 


19.13 
22.68 
25.23 
19.78 
22.96 
34.61 
19.67 
21.54 
24.50 
20.11 
21.07 
24.26 
32.27 
34.06 
63.56 
25.98 
53.78 
22.44 
27.54 
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Table  31.—  Electrical  resistance  of  platinum  alloys  (thin  wires)— Continued. 


No. 

Alloy. 

n 

t 

tfXIO6 

St' 

18 

Nickel 

21180 
18510 
25560 
19950 
26400 
14720 
23130 
26620 
37710 
37510 
17690 
34870 
28770 
17600 
26030 
32670 

22 
22 
22 
22 
23 
23 
22 
23 
23 
23 
23 
23 
23 
23 
23 
23 

1576 
1576 
1576 
1590 
1713 
1676 
1590 
1590 
1598 
1676 
1662 
1735 
1735 
1590 
1590 
1619 

33.38 
29.17 
40.29 

31.72 
45.24 
24.68 
36.78 
42.33 
60.28 
62.88 
29  39 

19 

Cobalt 

20 

...do 

21 

....do 

40 

...do 

41 

....do 

2" 

Iron 

23 

...do 

24 

...do  

42 

....do  

43 

...do 

50 

...do 

60  51 

51 

...do 

49  91 

25 

Chromium 

27  99 

2fi 

...do 

41  39 

27 

....do.. •:... 

52  90 

44 

...do 

28 

Tin 

13720 
16090 
24280 
15700 
13220 
15900 
29900 
9700 
11840 

23 
22 
22 

22 

22 
22 
22 
22 

16r9 

1633 
1662 
1655 
1655 
1655 
1647 
1720 
1662 

2°  21 

29 

...do 

26  27 

30 

...do  

40  35 

31 

25  98 

32 

....do 

21.88 

33 

26.31 

34 

....do 

49.25 

35 

16.68 

3fi 

...do 

19.67 

45 

....do 

37 

Lead 

8940 
10510 
17830 

22 
23 
23 

1720 
1691 
1691 

15.37 

46 

17.76 

38 

Antimony „ 

30.14 

39 

Bismuth , 

47 

....do 

9890 
26340 
14890 

23 
23 
23 

1676 
1691 
1691 

16.57 

52 

44.55 

54 

....do 

25.17 

53 

A 
C 

)  Platinum  purified  by  three  fusions  (lhalf  an  hour  of  melt- 

<;         710 

*          504 

23 
23 

1810 

2781 

12.86 
14.02 

Thermo-electrics  of  wires. — Having  obtained  this  table  in  the  way- 
described,  the  marked  ends  of  the  wires  were  next  subjected  to  thermo- 
electric measurement  by  exposing  them  to  temperatures  100°,  358°,  and 
448°,  respectively,  in  the  boiling  tubes,  already  fully  described  in  Chap- 
ter II.  The  results  are  given  m  Table  32.  "No."  refers  to  the  individ- 
ual wires  of  the  couple  examined,  and  gives  the  sign  of  the  two  metals 
thermo-electrically  combined.  Thus  Au(-fl—  0)  denotes  that  the  gold- 
alloy  No.  1  is  thermo-electrically  positive  to  platinum  No.  0.  T  and  t 
are  the  temperatures  of  the  thermo-electric  junctions  for  which  the 
electro-motive  forces  e  (microvolts)  apply,  a  and  b  the  corresponding 
thermo-electric  constants.  Inasmuch  as  the  thermo-electric  data  are 
necessarily  most  seriously  affected  by  impurities  in  the  alloys,  it 

(780) 


136 


MEASUREMENT  OF  HIGH  TEMPERATURES 


[BULL.  54. 


deemed  fully  sufficient  to  compute  a  and  b  from  extreme  values  for  t,  T, 
c,  and  then  to  test  this  computation  with  the  intermediate  value. 
Laboiious  applications  of  the  method  of  least  squares  were  therefore 
discarded. 

Table  32. — Thermo-  electrics  of  platinum  alloys. 


No. 


e 
observed 


calculated. 


103Xa 


106X& 


Au 


Ag 


Pd. 


Tr. 


Cu. 


+  1-0 

+  i-o 

+  1-0 

+  2-0 

<  +  2-0 

+  2—0 

+  3-0 

+  3—0 

1+  3-0 

r+  4-0 

+  4—0 
+  40 
+  5-0 
+  5-0 
+  5-0 
+  6-0 
+  6-0 
{+  6-0 

{-  7+0 

-  7+0 

-  7+0 

-  8  +  0 

-  8+0 

-  8  +  0 

-  9  +  0 

-  9  +  0 
I-  9  +  0 

r-io+o 

-10  +  0 
-10+0 
-11  +  0 
-11+0 
-11  +  0 
-12+0 
-12+0 
1-12+0 

f-13  +  0 
|-13  +  0 
-13+0 
+  14-0 
-14+0 
i  -14  +  0 
+15-0 
+  15-0 
-15—0 
-48+0 


16 
L9 

17 
16 
19 

18 
17 
10 
18 

18 
19 
18 
18 
22 
18 
IS 
22 
18 

18 
20 
18 
19 
20 
18 
19 
20 
19 

19 

18 
19 
19 
18 
19 
19 

18  i 

19  I 

18  I 

18  I 

19 

18 

18 

20 

19 

18 

'JO 

18 


100 
358 
448 
100 
358 
448 
100 
358 
448 

100 
358 
448 
100 
358 
448 
100 
358 
448 

100 
358 
448 
100 
358 
448 
1(0 
358 
448 

100 
3.-8 

448 
100 
358 
448 
100 
358 
448 

100 
358 
448 
100 
358 
448 
100 
358 
448 
100 


+  46 

+  185 

+  242 

+  155 

+  637 

+  832 

221 

942 

1225 


105 

107 
428 
558 

86 

-  526 
■  711 

-  95 
631 

-  869 

-  120 

-  821 
-1127 

-  222 
-1066 
-1384 

-  336 
-1584 
-2035 

-  517 
-2480 
-3228 

-  15 

-  271 

-  410 

-  44 

-  250 

-  392 

-  31 

-  257 

-  447 

-  31 


+  46 

+  189 

+  242 

+  155 

+  648 

4-  832 

221 

948 

1225 

7 
18 
18 
32 
94 
105 
107 
436 
558 

-  86 

-  507 

-  711 

-  95 

-  600 

-  869 

-  120 

-  788 
-1127 

-  222 
-1052 
-1384 

-  336 
-1557 
—2035 

-  517 
-2453 
-3228 

-  15 

-  257 

-  410 
+  44 

-  190 

-  392 
+  31 

-  227 

-  447 

-  31 


+  540 


+  1812 


+  2570 


+  100 


+  436 


+  1301 


+  45 


+  263 


597 


-  124 


412 


—   7 


844    -1738 


1073 


-  2548 


3904- 


5939 


77 


+  1021 


+  867 


140 


-2472 


-3327 


-1453 


1799 


-3394 


-2212 


-4139 


4083 


-2026 
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No. 

t 

T 

e 
observed. 

e 
calculated. 

10*Xa 

106Xo 

-48  +  0 

23 

358 

-  326 

—  305 

' 

-48  +  0 

19 

448 

-  466 

-  466 

Cu 

+49-0 

18 

100 

+     41 

+    41 

+     915 

-3483 

-49+0 

23 

358 

+  173 

+  138 

-49+0 

19 

448 

+  305 

+  305 

—16+0 

19 

100 

—  403 

-  403 

—  4905 

-  333 

-16  +  0 

18 

358 

-1734 

—1710 

—16+0 

20 

448 

-2166 

—2166 

—17+0 

19 

100 

—  745 

—  745 

—  9065 

—  552 

m 

-17  +  0 

18 

358 

-3190 

-3153 

—17+0 

20 

448 

-3990 

—3990 

-18+0 

19 

100 

—  940 

—  946 

-11469 

—  931 

-18+0 

18 

358 

—4134 

—4019 

,-18+0 

20 

448 

-5095 

-5095 

+19-0 

19 

100 

+     89 

+     89 

+  1481 

—  3294 

+  19-0 

19 

358 

+     61 

+     81 

+  19-0 

20 

448 

-     26 

-    26 

+20-0 

19 

100 

+  164 

+  164 

+  2560 

—  4620 

+20—0 

19 

358 

+  253 

+  277 

+  20-0 

20 

448 

+  170 

+  170 

+21—0 

19 

100 

+  186 

+  186 

+  3033 

—  6276 

Co < 

+21  -0 

19 

358 

+   149 

+  226 

+21-0 

20 

448 

+     41 

+     41 

+40-0 

19 

100 

+  347 

+  347 

+  5519 

-10290 

+40-0 

20 

358 

+  394 

+  551 

+  40—0 

15 

448 

+  327 

+  327 

+41-0 

19 

100 

+     58 

+     58 

+  1038 

—  2691 

+41—0 

20 

358 

+     18 

+       7 

-41+0 

16 

448 

+     91 

+     91 

'—22+0 

19 

100 

-  382 

-  382 

—  3887 

—  6772 

-22+0 

15 

358 

-2226 

—2200 

—22+0 

20 

448 

—3020 

—3020 

-23+0 

19 

100 

—  402 

-  402 

—  3969 

—  8058 

-234-0 

15 

358 

—2401 

-2392 

• 

—23  +  0 

20 

448 

-3313 

—3313 

Iron < 

-24+0 

19 

100 

—  438 

—  438 

—  4085 

—11070 

-24  +  0 

15 

358 

—2827 

—2818 

-24+0 

21 

448 

-3962 

—3962 

-42+0 

18 

100 

-  465 

—  465 

—  4222 

—  1222 

-42+0 

20 

358 

—2983 

-2989 

-42+0 

16 

448 

-4274 

—4274 

-43+0 

20 

100 

—  307 

—  307 

—  3246 

-  4980 

-43+0 

21 

358 

-1747 

—1730 

.—43+0 

18 

448 

—2393 

-2393 

(-50  +  0 

18 

100 

-  474 

-  474 

—  4500 

—11123 

1  -50+0 

23 

358 

-2945 

—2927 

Steel..,  J  -50+0 
]  -51+0 

19 

448 

—4159 

-4159 

19 

100 

—  368 

—  368 

—  3305 

—10308 

|  -51+0 

24 

358 

-2383 

—2419 

1-51+0 

19 

448 

-3483 

-3483 
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Table  28. — Thermo- electrics  of  platinum  alloys — Continued. 


No. 

t 

T 

e 
observed. 

e 
calculated. 

103  x  a 

106X& 

| 

—25+0 

19 

100 

-  302 

-  302 

—  3211 

—  4334 

—25+0 

16 

358 

-1687 

-1653 

—25+0 

21 

448 

-2239 

—2239 

-26+0 

19 

100 

-  377 

-  377 

-  3733 

—  7636 

-26+0 

16 

358 

—2290 

—2253 

Cr < 

—26+0 

21 

448 

-3123 

-3123 

-27+0 

18 

100 

-  405 

-  405 

—  3766 

—  9860 

-27+0 

16 

358 

-2608 

-2549 

-27+0 

21 

448 

—3583 

-3583 

—44+0 

16 

100 

-  347 

-  347 

—  3494 

—  5522 

-44+0 

21 

358 

-1918 

-1883 

-44-1-0 

19 

448 

-2605 

-2605 

'_28+0 

19 

100 

-    30 

-     30 

—    287 

—     691 

—28+0 

17 

358 

—  194 

-  186 

-28  +  0 

20 

448 

-  261 

-  261 

-29+0 

18 

100 

-.    16 

-     16 

—      10 

-     771 

Sn < 

—29+0 

17 

358 

-  146 

-  134 

-29+0 

20 

448 

-  199 

—  199 

+30—0 

L8 

100 

+     16 

+     16 

+     378 

—  1562 

-30+0 

17 

358 

-     99 

-     71 

—30+0 

19 

448 

-  151 

-  151 

f-31+0 

18 

100 

—  102 

—  102 

—  1050 

—  1641 

-31+0 

17 

358 

—  594 

—  568 

Al • 

-31+0 

19 

448 

—  779 

—  779 

—32  +  0 

19 

100 

—  130 

—  130 

—  1398 

—  1688 

—32+0 

18 

358 

—  706 

—  691 

— 32+0 

19 

448 

—  938 

—  938 

f—  33+0 

17 

100 

—    90 

—     90 

—     869 

—  1025 

—33+0 

19 

358 

-  564 

—  541 

Mn < 

—33+0 

20 

448 

—  758 

—  758 

-34+0 

17 

100 

—  253 

—  253 

—  2360 

—  5957 

-34+0 

19 

358 

—1671 

—1561 

—34+0 

19 

448 

-2206 

—2206 

• 

f —354-0 

17 

100 

—    36 

—    36 

—     378 

—    504 

—35+0 

19 

358 

-  202 

—  193 

—35+0 

19 

448 

—  263 

—  263 

—36+0 

18 

100 

—  275 

—  275 

—  3170 

—  1660 

Mo < 

—36+0 

19 

358 

—1320 

—1287 

—36+0 

25 

448 

—1673 

—1673 

—45+0 

17 

100 

—  119 

—  119 

—  1312 

—  1014 

—45+0 

22 

358 

—  557 

—  570 

.—45+0 

19 

448 

-  766 

—  766 

(+37-0 

19 

100 

+     43 

+     43 

—     503 

—     264 

+37—0 

20 

358 

+  208 

+  204 

Pb 

+37—0 
—46+0 

20 
18 

448 
ICO 

+  268 
—    50 

+  268 
-     50 

—    549 

—    510 

—46+0 

22 

358 

—  258 

—  248 

.—46  +  0 

22 

448 

—  338 

—  338 

f_38+0 

19 

100 

—  131 

-  131 

—  1261 

—  3073 

Sb < 

'  —38+0 

20 

358 

—  840 

—  819 

1—38+0 

20 

448 

—1155 

-1155 

(792) 
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Table  28. — Thermo-electrics  of  platinum  alloys— Continued. 


No. 

t 

T 

e 
observed. 

e 
calculated. 

103  x  a 

106X& 

f-47+0 

18 

100 

—    39 

—    39 

—    443 

—     274 

Bi  .. 

...J -47+0 

22 

358 

—  188 

—  184 

l_47+0 

19 

448 

—  245 

—  245 

p  +  52—0 

19 

100 

+     18 

+     18 

+     612 

—  3288 

—52+0 

24 

858 

—  248 

—  215 

Zn.. 

,... 

—52+0 
+54-0 

19 
19 

448 
100 

—  396 
+     19 

—  39G 
+     19 

+     296 

—    514 

+54—0 

24 

358 

+     18 

+    33 

,  +54—0 

19 

448 

+     24 

+     24 

Temperature-coefficient. — Table  33  contains  the  final  series  of  data  rel- 
ative to  the  pyrometric  constants  of  these  wires.  It  contains  mean 
values  of  the  relation  a  between  electrical  resistance  and  temperature 
for  each  of  the  52  wires  of  the  above  table.  The  marked  ends  of  these, 
having  been  wrapped  around  the  little  insulating  cylinders  of  porcelain 
so  as  to  form  a  helix,  the  platinum  spires  of  which  do  not  touch  each 
other  ("open  spiral  spring"),  were  exposed  to  25°,  to  100°,  and  to  358°, 
respectively,  in  the  space  of  constant  temperature  of  my  boiling  tubes. 
To  retain  the  helix,  which  is  never  more  than  2cm  long  along  its  axis,  in 
place,  and  likewise  to  connect  the  terminals  of  the  bridge  adjustment 
with  it,  the  ends  of  the  helix  wire  are  fused  to  terminals  of  fairly-thick 
copper  wire.  One  of  these  terminals  passes  through  one  canal  of  the 
porcelain  insulator  to  connect  with  the  upper  end  of  the  platinum  helix, 
the  other  terminal  partially  through  the  second  canal  in  a  suitable  way 
to  connect  with  the  lower  end  of  the  helix.  The  measurements  are 
then  made  in  the  customary  way.  Constancy  of  temperature  along  the 
2cm  of  length  of  helix  may  be  assumed.  The  total  length  of  platinum 
wire  in  the  helix  is  that  for  which  the  above  data,  Table  31,  apply. 

In  Table  33  therefore  rt  is  the  resistance  corresponding  to  the  tem- 
perature T,  and  <V00,  #o360  are  the  -mean  temperature-coefficients  for  the 
intervals  of  temperature  0°  to  100°  and  0°  to  360°,  respectively. 

Table  33. — Temperature-coefficients  of  platinum  alloys. 


No. 

T 

rt 

103  x  a0100 

lO^xa^o350 

[ 

0 

25 

0.759 

2.30 

2.22 

-! 

0 
0 

100 
357 

0.883 
1.296 

r 

1 
1 
1 

20 
100 
357 

0.408 
0.464 
0.  630 

1.78 

1.62 

2 

21 

0.  485 

1.45 

1.33 

Au..<; 

2 

2 

100 
357 

0.539 
0.702 

3 

22 

0.  542 

1.27 

1.09 

3 

100 

0. 594 

3 

357 

0.744 

(793) 
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Table  33. — Temperature-coefficients  of  platinum  alloys — Continued. 


No. 

T 

rt 

103Xao100 

lOSxajoo350 

f 

4 

23 

0.413 

1.80 

1.61 

4 

100 

0.468 

4 

357 

0.635 

5 

25 

0.472 

1.46 

1.02 

Ag..< 

5 

100 

0.522 

5 

357 

0.675 

G 

25 

0.631 

1.02 

0.71 

6 

100 

0.678 

6 

357 

0.794 

7 

19 

0.408 

1.75 

1.62 

7 

100 

0.464 

7 

357 

0.630 

8 

19 

0.441 

1.53 

1.48 

Pd..< 

8 

100 

0.494 

8 

357 

0.658 

• 

9 

19 

0.501 

1.29 

1.18 

9 

100 

0.552 

9 

357 

0.701 

r 

10 

19 

0.408 

1.72 

1.61 

10 

100 

0.463 

10 

357 

0.628 

11 

18 

0.425 

1.63 

1.50 

Ir...s 

11 

100 

0.480 

11 

357 

0.641 

12 

18 

0.495 

1.28 

1.21 

12 

100 

0.546 

12 

357 

0.697 

1 

13 

18 

0.640 

0.89 

0.83 

13 

100 

0.686 

13 

357 

0.821 

14 

18 

0.678 

0.80 

0.72 

Cu..< 

14 

100 

0.722 

14 

357 

0.847 

15 

18 

1.205 

0.20 

0.20 

15 

100 

1.225. 

15 

357 

1.286 

1(5 

17 

0.443 

1.68 

1.46 

16 

100 

0.503 

16 

357 

0.668 

17 

17 

0.506 

1.34 

1.19 

m..s 

17 

100 

0.561 

17 

357 

0.714 

18 

18 

0.673 

1.05 

0.87 

18 

100 

0.730 

18 

357 

0.880 

( 

19 

18 

0.572 

1.09 

1.04 

Co.  J 

19 

100 

0.  622 

I 

19 

357 

0.772 

(794) 
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No. 

T 

rt 

do^Ox!!)-  a 

f 

20 

20 

0.783 

0.89 

1 

20 

100 

0.838 

Co.. 

20 

357 

0.986 

21 

20 

0.639 

1.57 

21 

100 

0.717 

21 

357 

0.929 

22 

21 

0.708 

0.74 

r 

22 

100 

0.749 

22 

357 

0.882 

23 

21 

0.797 

0.66 

Fe--< 

23 

100 

0.838 

23 

357 

0.968 

24 

21 

1.405 

0.  37 

24 

100 

1.446 

1 

24 

357 

1.575 

r 

25 

21 

0.536 

1.14 

25 

100 

0.583 

25 

357 

0.726 

26 

21 

0.791 

0.65 

Cr-.< 

26 

100 

0.831 

26 

357 

0.956 

27 

21 

0.963 

0.56 

27 

100 

1.005 

27 

357 

1. 125 

f 

28 

20 

0.392 

1.  55 

28 

100 

0.439 

28 

357 

0.585 

29 

19 

0.497 

1.27 

Sn~< 

29 

100 

0.547 

29 

357 

0.697 

30 

19 

0.848 

0.69 

30 

100 

0.895 

30 

357 

1.  038 

31 

15 

0.489 

0.85 

31 

100 

0.  524 

Al..< 

31 

357 

0.681 

32 

16 

0.408 

1.56 

32 

100 

0.460 

32 

357 

0.614 

33 

17 

0.488 

1.28 

33 

100 

0.539 

Mil..- 

33 
34 

357 
18 

0.680 
0.946 

0.52 

34 

100 

0.986 

I   34 

357 

0.091 

r   35 

1    35 

19 

0.302 

2.13 

100 

0.  352 

!    35 

357 

0.499 

Mo.. 

]    30 

19 

0.370 

1.76 

36 

100 

0.421 

<-    36 

357 

0.  57V 

0.74 


1.30 


0.74 


0.36 


1.06 


1.20 


0.66 


1.32 


1.50 


1.94 


(795) 
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Table  33. — Temperature-coefficients  of  platinum  alloys — Continued. 


Pb. 


Sb 


Co.. 


Co 


Fe 


Cr 


No. 


Mo.<| 


Pb 


Bi 


CU!.  ^ 


Fe.^ 


Zn.<| 


20 
100 
357 

20 
100 
357 

21 
100 
357 

22 
109 
357 

22 
100 
357 

23 
100 
357 

20 
100 
357 

20 
100 
357 

20 
100 
357 

20 
100 
357 

19 
100 
357 

19 
100 
357 

19 
100 
357 

19 
1C0 
357 

15 

100 
357 
18 
100 
357 


ao100X'103      aJQOs«>Xl0» 


0.298 
0.350 
0.514 

0.541 
0.588 
0.736 

0.810 
0.891 
0.067 

0.456 

0.504 
0.650 

1.098 
1.135 
1.243 
0.345 
0.374 
0.460 

0.591 
0.635 
0.766 

0.227 
0.263 
0.370 

0.225 
0.260 
0.363 

0.303 
0.  352 
0.  505 

0.467 
0.514 
0.648 
0.978 
1.001 
1.038 

0.771 
0.798 
0.875 
0.815 
0.865 
0.999 

0.840 
0.876 
0.945 
0.391 
0.433 
0.547 

Tjoej" 


2.28 


1.11 


1.30 


0.44 


1.12 


0.95 


2.23 


2.02 


2.10 


1.27 


0.29 


0.44 


0.77 


0.51 


1.34 


0.83 


1.27 


0.39 


0.98 


0.87 


1.82 


2.03 


1.14 


0.15 


0.39 


0.64 


0.32 


1.14 
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A.  Thrice 
fused. 

1    19 

i  100 
I     357 

0.  223 1 
0.  273  I 

0.  420  J 

2.90 

2.C5 

C.  Thrice 
fused. 

|       19 

<  100 
[     357 

0.  299 1 
0. 357  I 
0.545  J 

2.52 

2.58 

General  digest. — Following,  in  Table  34,  is  a  general  digest  of  the  above 
results,  in  which  density  J0  at  zero  degrees,  specific  resistance  st,  as 
obtained  from  thick  (I)  and  from  thin  (II)  wires  at  mean  room  tempera- 
tures, mean  temperature-coefficient  a  for  the  large  and  the  small  inter- 
vals 0°  to  100°  and  0°  to  360°,  respectively,  specific  resistance  s0  for  0° 
computed  with  or,  and,  finally,  the  thermo-electric  power  a  per  degree 
centigrade  at  0°,  are  carefully  inserted.  The  data  for  purified  wires 
are  discussed  below: 

Table  34. — Constants  of  platinum  alloys.     Digest. 


No. 

Metal  alloyed 
to  platinum. 

Ao 

I 

(thick) 

St 

II 

(thin) 

St 

103 

X  a 

II 

(thin) 
so 

103Xa 

[/'(0):/(0)jX10» 

0 

Platinum ..... 

21. 315 

21.  288 

15.30 
18.98 

15.55 
19.13 

2.30 

1.78 

2.22 
1.62 

14.91 
18.53 

540 

2.33 

1 

Gold 

1.84 

2 

....do 

21.  221 

22.44 

22.68 

1.45 

1.33 

22.13 

1812 

1.49 

3 

....do 

21. 172 

25.58 

25.23 

1.27 

1.09 

24.67 

2570 

1.33 

4 

Silver 

21. 163 

19.48 

19.78 

1.80 

1.61 

19.06 

100 

1.87 

5 

....do 

do 

20.  991 
19.  400 

21.  006 

22.79 
34.80 
19.53 

22.96 
34.61 
19.67 

1.46 
1.02 
1.75 

1.02 
0.71 
1.62 

22.28 
33.97 
18.95 

436 

1301 

-     844 

6 

7 

Palladium 

1.79 

8 

....do 

20.  540 

21.40 

21.54 

1.53 

1.48 

20.90 

-     869 

1.55 

9 

....do 

19. 909 

23.86 

24.50 

1.29 

1.18 

23.87 

-  1073 

1.33 

10 

Iridium ........... 

21.  271 
21.  279 

19.87 
21.17 

20.11 
21.07 

1.72 
1.63 

1.61 
1.50 

19.42 
20.40 

-  2548 

-  3904 

1.76 

11 

....do 

1.67 

12 

....do 

21.  319 

24.43 

24.26 

1.28 

1.21 

23.64 

-  5939 

1.30 

13 

Copper  

20.  676 

31.51 

32.27 

0.89 

0.83 

31.75 

-      77 

0.91 

14 

....do  

20.  600 

33.97 

34.06 

0.80 

0.72 

33.59 

1021 

0.83 

15 

....do 

18. 803 

63.82 

63.56 

0.20 

0.20 

63.56 

867 

0.21 

48 

....do 

20.  917 

25.69 

25.98 

1.27 

1.14 

25.29 

-     140 

1.31 

49 

...do  

19.  561 

55.87 

53.78 

0.29 

0.15 

53.60 

915 

0.34 

16 

Nickel 

20. 686 
19. 889 

21.93 
27.51 

22.44 
27.54 

1.68 
1.34 

1.46 
1.19 

21.67 
26.84 

-  4905 

-  9065 

1.75 

17 

....do  

1.39 

18 

...  do 

18.  751 

33.71 

33.38 

1.05 

0.87 

32.76 

-11470 

1.11 

19 

Cobalt 

20.  590 
19.  841 

30.  01 
40.21 

29.17 
40.29 

1.09 
0.89 

1.04 
0.74 

28.56 
39.62 

1481 
2560 

1.11 

20 

....do 

0.93 

21 
40 
41 

....do 

do 

19.  329 
19. 100 

20.  992 

34.83 
44.69 
24.45 

31.72 
45.24 
24.68 

1.57 
1.39 

1.30 
0.83 
1.27 

30.70 

3033 

44.57 
23.97 

5519 
1038 

....do 

1.43 

22 

Iron  . ......... 

20.  628 
20.  330 

36.80 

37.  57 

36.78 
42.  33 

0.74 
0.66 

0.74 
0.64 

36.33 
41.80 

-  3887 

-  3969 

0.74 

23 

...do 

0.67 

24 

...do 

19. 589 

64.62 

60.28 

0.37 

0.36 

59.  92 

-  4085 

0.37 

42 

...do 

19.  750 

55.55 

62.88 

0.44 

0.39 

62.52 

-  4222 

0.40 

43 

....do 

20.  886 

29.51 

29.39 

1.12 

0.98 

28.75 

-  3246 

1.21 

50 

Steel 

19.  581 

61.70 

60.  51 

0.44 

0.39 

60.16 

-  4500 

0.46 

797) 
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B 
1 

No. 

Metal  alloyed 
to  piatiuuin. 

Ao 

I 
(thick) 

St 

II 

(thin) 

St 

103Xa 

II 

(thin) 

So 

103xa 

(/'(0):/(0)JXl0 

•i 
I 
1 

51 
25 
26 
27 
44 

....do  

Chromium 

....do 

....do 

do 

19.  952 

20.  911 
20.  512 
20. 157 
20.  764 
21. 109 
20.  974 
20. 449 
20. 464 
20.724 

20.  807 

19.  433 

21.  263 
21.261 
21.302 
21. 180 
21.  241 

20.  753 
21. 179 
21.329 
20. 102 
20.  975 
(21.3) 

46.24 
28.  47 
41.  75 
42. 41 
32.06 
21.78 
25.97 
39.56 
24.68 
22.04 
26.11 
50.11 
16.79 
19.18 
17.61 
15.48 
17.68 
2a.  54 
16.04 
16.60 
47.  84 
24.75 
15.00 

49.91 
27.99 
41.39 
52.90 
31.71 
22. 21 
26.27 
40.35 
25.98 
21.88 
26.31 
49.25 
16.68 
19.67 
17.17 
15.37 
17.76 
30.14 

0.77    0.64 
1.14     1.06 
0.65    0.62 

0.  56    0.  49 
0  95    0.  87 

1.  55     1. 49 

1.27  1.20 
0.69    0.66 

1.32 

1.56    1.50 

1.28  1.14 
0.52    0.43 
2.13     1.94 
1.76    1.69 
2.06    1.88 
2.28    2.23 
2.02    1.82 
1.11     1.09 

49.16 
27.37 
40.87 
52.35 
31.09 
21.52 
25.60 
39.  *6 
25.33 
21.18 
25.64 
48.87 
15.96 
18.95 
16.40 
14.64 
17.00 
29.48 

-  3305 

-  3211 

-  3733 

-  3766 

-  3494 

-  287 

-  10 
4-    378 

-  1050 

-  1398 

-  869 

-  2360 

-  379 

-  3170 

-  1312 

-  503 

-  550 

-  1261 

—    -     ~  ! 

o.  8: 
1. 1' 

0.  61 1 
0.  5i  1 
0.9}- 
1.5',' 
1.2!  I 
0.  7( 

t 
1 
t 

1 

28 

Tin 

29 
30 
31 

...do 

..do 

Aluminium 

....do  

Manganese 

...do 

Molybdenum  . .. 

....do 

....do 

Lead 

do 

Antimony 

Bismuth 

32 
33 
34 
35 
36 
45 
37 
46 
38 
39 

1.5* 

1.  31; 
0.  5£ 

2.2(1 

i.m 

2.15. 
2.3C 

2.  OS 
1.12 

( 

47 
52 
54 
53 

....do 

Zinc 

....do  

16.57 
44.55 
25.17 

2.10    2.03 
0.51     0.32 
1.34    1.14 

15.83 
44.19 
24.51 

-    443 
+    612 
+     296 

2. 12. 
0.57? 
1.41 

PURIFIED  WIRES. 

A.   Thrice 

12.86 
14.02 

2.90    2.65 
2.52    2.58 

12.04 
13.27 

2. 96« 
2.50' 

fused. 

C.    Thrice 
fused. 

...do 

DI 

3CTJSS 

ION   A 

ND   I]N 

FERENC 

ES. 

1 

Earlier  results. — I  shall  pass  rapidly  over  the  above  data  for  density* 
resistance  and  thermo-electric  behavior,  since  they  are  frequently  pro- 
visional. They  exhibit  a  definite  method  of  work  carried  to  an  issue. 
The  results  are  of  increasing  value  in  proportion  as  they  lead  to  the 
relation  between  electrical  resistance  and  temperature-coefficient  of  I 
electrical  resistance,  to  which  I  have  already  adverted. 

Here  I  may  state  that  the  original  attempts  to  co-ordinate  resist- 
ance and  thermo  electric  power  were  made  by  Dr.  Strouhal  and  myself1 
in  discussing  data  for  steel.  The  striking  success  of  this  attempt,  to 
which  a  large  number  of  subsequent  results  gave  additional  and  final 
warranty,  led  us  naturally  to  seek  for  similar  relations  in  alloys  of  one 
metal  with  consecutive  small  parts  of  a  second  metal.    These  results, 


1  Cf.  Wied.  Ann.,  vol.  7, 1879,  p.  383  ;  ibid,  1880,  vol.  11,  p.  930. 
(70S) 
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however,  exhibit  more  complicated  relations.  Indeed,  our  data1  for 
alloys  of  silver  with  platinum,  gold,  copper,  and  zinc  showed  that, the 
results  for  steel  were  due  to  causes  intrinsically  different  from  the 
causes  varying  the  electrical  properties  of  alloys.  Owing  partially  to 
this  negative  result  and  partially  to  the  necessity  of  changing  our 
laboratory  location  from  Wurzburg  to  Prague  and  to  Washington, 
these  data1  for  alloys  remained  unpublished  in  German  until  1884,  and 
in  English2  until  1885. 

In  the  mean  time  M.  L.  Weber,3  who,  at  the  suggestion  of  Beetz,  had 
sought  for  similar  relations  among  the  amalgams  of  mercury,  was  able 
|o  publish  a  fine  and  elaborate  research  on  the  galvanics  and  thermo- 
electrics  of  those  substances.  In  addition  to  the  results  of  Strouhal 
and  myself  for  silver  alloys,  and  Weber's  results  for  amalgams,  it  was 
Loped  that  the  present  results  for  platinum  alloys  would  supply  such  a 
sufficiency  of  new  data  that  from  all  the  results  thus  in  hand  certain 
general  inferences  bearing  on  the  properties  of  alloys  might  safely  be 
Irawn.  This  discussion  must,  however,  be  deferred  for  the  reasons 
already  mentioned,  page  125. 

Resistance  and  density. — Turning  first  to  the  columns  for  J0?  st  I,  and 
)t  II,  in  Table  34,  the  number  of  strikingly  large  values  of  the  specific 
•esistance  of  platinum  alloys  at  once  meets  the  eye.  If  the  specific  re- 
sistance of  good  commercial  platinum  be  put  st=13,  then  it  needs  but 
rifling  additions  of  chromium,  or  iron,  or  copper,  or  tin,  or  manganese, 
>r  zinc,  etc.,  to  increase  this  resistance  nearly  fivefold.  In  discussing 
esults  for  silver  alloys  Dr.  Strouhal  and  I  observed  that  the  galvanic 
fleet  produced  by  alloying  increased  with  the  differences  of  density  of 
he  ingredients  of  the  alloy.  In  view  of  the  exceptionally  high  density 
f  platinum  and  the  pronounced  tendency  of  this  metal  to  form  alloys 
f  high  specific  gravity,  these  inferences  seem  to  be  substantiated  here, 
earing  in  mind  that  the  differences  of  density  of  the  ingredients  can 
nly  be  one  of  many  factors  which  go  to  determiue  the  properties  of  the 
Hoy  produced.  To  go  into  further  particulars  is  undesirable,  but  I  may 
mark  that  though  the  effect  produced  by  aluminium  is  exceptionally 
nail,  iridium  and  gold,  both  of  large  densities,  produce  small  increments 
f  resistance,  whereas  the  enormous  variations  due  to  tin,  chromium, 
on,  zinc,  copper,  manganese,  cobalt,  silver,  nickel,  palladium,  decrease 
i  general  in  the  order  of  their  increasing  densities.  The  absorption  of 
ases,  the  want  of  homogeneity,  and  the  very  probable  tendency  to 
>rm  alloys  of  definite  chemical  composition  are  the  main  causes  which 
md  to  obscure  the  regularity  of  the  physical  phenomena.  The  differ- 
rces  between  st  I  and  st  II,  derived,  respectively,  from  the  bars  and  the 
ires,  are  no  larger  than  may  be  easily  referred  to  difficulties  of  manipu- 
lation.    In  the  case  of  chromium,  of  iron,  of  cobalt,  and  of  aluminium 

1  Abb.  konigl.  Bobm.  Gesell.  Wiss.,  6tb  series,  vol.  12,  1884. 

2  Bull.  U.  S.  Geol.  Survey,  No.  14, 1885,  pp.  76  to  88. 

3  Weber :  Wied.  Aun.  vol.  23,  1 884,  p.  447. 
(799) 
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alloys,  large  discrepancies  sometimes  occur,  showing  that  in  these  in- 
stances the  base  metal  can  not  have  been  perfectly  dissolved  nor  the 
alloy  satisfactorily  homogeneous.  Inasmuch,  however,  as  the  method 
of  comparing  the  specific  resistance  of  the  ingot  as  a  whole,  as  it  were, 
with  a  small  part  of  the  wire  drawn  from  it  is  a  very  rigorous  test  for  the 
homogeneity  of  the  alloy,  it  appears  from  the  coincidence  of  the  results 
for  st  I  and  st  II,  that  melted  platinum  may  indeed  be  regarded  as  a 
solvent  for  metals  generally.  The  importance  of  this  quality  has  already 
been  signalized  above. 

Resistance  and  thermo-electrics.— It  has  been  stated  that  the  thermo- 
electric results  are  the  ones  most  influenced  by  impurities  in  the  plati- 
num, for  the  alloys  of  this  metal,  though  exhibiting  enormous  differences 
of  resistance,  are,  with  few  exceptions,  relatively  without  marked  thermo- 
electric variability.  This  is  an  observation  of  importance,  particularly 
if  considered  with  reference  to  the  position  of  the  individual  alloys  in 
the  series.  It  shows  that  there  is  probably  no  intrinsic  relation  what- 
ever between  specific  resistance  and  thermo-electric  power  when  the 
variations  of  both  the  quantities  are  produced  by  alloying.  Curiously 
enough  the  extremes  of  the  thermo-electric  variations  are  the  cobalt  and 
the  nickel  alloys,  the  former  being  powerfully  positive,  the  latter  even 
more  powerfully  negative.  The  iridium  alloy  has  the  well-known  ex- 
treme electro-negative  position,  as  would  also  have  the  molybdenum 
alloys.  On  the  other  hand,  the  positions  of  iron,  of  chromium,  of  man- 
ganese are  not  nearly  as  extreme  as  would  have  been  anticipated  from 
their  resistance  values,  whereas  the  powerfully  resisting  combinations 
of  platinum-copper,  platinum-zinc,  platinum-tin  show  only  insignificant 
values  of  thermo-electric  power.  In  short,  there  appears  to  be  no  law 
for  the  co-ordination  of  the  galvanic  and  therrno  electric  qualities  dis- 
cernible, and  large  values  in  the  one  case  by  no  means  imply  large 
values  in  the  other. 

Electrical  tests  for  purity. — Having  thus  briefly  discussed  the  thermo- 
electric and  resistance  data  in  the  above  tables,  it  will  be  next  in  place 
to  describe  the  experiments  made  to  ascertain  the  condition  of  purity 
of  the  platinum  used.  These  experiments  have  special  importance,  be-; 
cause  they  exhibit  the  electrical  behavior  of  commercial  platinum  fre- 
quently treated  before  the  oxyhydrogen  blow-pipe,  and  therefore  show 
what  degree  of  purity  of  platinum  is  necessary  in  order  that  the  metal 
may  be  safely  used  practically  in  thermo-electric  temperature  measure, 
ment. 

The  original  experiments  made  with  a  length  marked  A,  and  cut 
from  the  coil  above  described,  behaved  in  such  a  way  as  to  give  rise  toj 
no  serious  apprehensions.      This  piece  was  first  annealed,  and  then 
therrno- electrically  combined  with  No.  0,  as  were  the  wires  in  Table  32. 
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The  following  data  were  obtained,  nomenclature  as  above: 

Table  35.— Electrical  tests  for  purity. 


Number. 

t 

T 

e  ob- 
served. 

e  calcu- 
lated. 

aXlO3 

6X106 

+A—0... 
+A—0... 
+A—0... 

20 
18 
17 

100 
358 
448 

+  68 
+  345 
+  447 

68 
335 
446 

777 

554 

This  wire  A  was  then  fused  before  the  oxy hydrogen  blow-pipe  con- 
secutively for  live  minutes  each  time  and  tested  both  for  resistance 
and  for  thermo-electric  power  after  each  fusion.  The  results  investi- 
gated range  as  follows,  beiug  obtained,  of  course,  from  wires  drawn  and 
softened  from  the  buttons,  for  each  case : 

Table  36. — Electrical  tests  for  purity. 


Treatment. 

Galvanics. 

Tbermo-electrics. 

n 

t 

?X106 

St 

Couple. 

T—t 

e 

Before  fusion 

After  one  fusion . . . 
After  two  fusions. . 
After  three  fusions . 

913 

707 
723 
710 

23 
23 
23 
23 

1450 
1890 
1810 
1810 

13.5 
13.3 
13.1 
12.9 

+A-0.... 
+A—0.... 
+A-0.... 
+J.-0.... 

358—25 
358  —  25 
358  —  25 
358  —  25 

+330 
+347 
+337 
+■345 

These  results  give  clear  evidence  of  the  occurrence  of  volatilization 
during  the  whole  of  the  fifteen  minutes  of  fusion  before  the  blow-pipe. 
But  the  amount  of  variation  (6  per  cent.),  though  large  in  itself,  was  not 
relatively  so  large  with  reference  to  the  total  variation  due  to  alloying  (500 
per  cent. )  as  to  be  seriously  apprehended.  Moreover,  the  button  could  be 
X>urified  by  intensely  fusing  it  on  lime  for  some  time  before  alloying  it. 

A  second  set  of  experiments,  unfortunately  made  some  time  after  these, 
gave  rise  to  much  more  pronounced  results.  To  determine  the  degree 
of  homogeneity  of  the  wire  I  compared  parts  of  it  of  about  100cm  each, 
the  original  positions  of  which  were  about  equidistant 'along  the  whole 
130  meters  of  platinum  wire.  The  galvanics  and  thermo-electrics  of  these 
samples  ranged  as  follows,  each  having  been  softened  before  testing: 


Table  37 

— Electrical  tests  for  purity. 

Galvanics. 

No. 

Tbermo-electrics. 

No. 

rt 

t 

q  x  lOe 

St 

t 

T 

e 

B 

1115 

23 

1493 

16.7 

— B+0 

25 

358 

-127 

O 

1220 

23 

1493 

18.2 

-(7+0 

25 

358 

—358 

D 

1198 

23 

1493 

17.9 

— 2>+0 

25 

358 

-386 

E 

1185 

23 

1493 

17.7 

-E+0 

25 

358 

-284 

F 

1058 

23 

1493 

15.8 

+  F—0 

25 

358 

+18 

-O+A 

25 

358 

-691 
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Ibese  wires,  B,  (7,  D,  E,  F,  were  now  fused  thoroughly  together  aud 
kept  melted  before  the  blow-pipe  for  fifteen  minutes ;  thereupon  drawn, 
annealed,  and  softened.  The  new  wire  on  being  tested  gave  the  follow- 
ing results : 

Table  38. — Electrical  tests  for  purity. 


No. 

Galvanics. 

No. 

Tbermo-electrics. 

rt 

t 

?xlOfi 

«t 

t 

T 

e 

(B+  C+  D+ 
E+F) 

786 

23 

1964 

15.4 

-(B+O+D 

25 

358 

-241 

The  new  wire  was  now  again  purified  by  fusing  for  fifteen  minutes  ; 
then  drawing  and  annealing.     The  results  obtained  were  : 

Table  39. — Electrical  tests  for  purity. 


No. 

Galvanics. 

No. 

Thermo-electrios. 

rt 

t 

q  x  10r' 

St 

t 

T 

e 

(B'  +  O+D1 

+  E'+F') 

504 

23 

2781 

14.0 

-{B'+C'  +  D' 

-\-E'j-F')  +  0 

25 

358 

-170 

The  direct  result  for  e  in  case  of  the  couple  —  (7+  A  agrees  well  with 
the  result  which  may  be  compounded  from  Tables  35  and  37.  If  now 
we  compare  the  mean  values  of  st  from  Table  37  (17.3)  and  the  values 
in  Tables  38  and  39  (15.4, 14.0),  it  appears  that  the  decrement  or  volatili- 
zation of  the  impurity  is  greatest  during  the  first  minutes  of  the  fusion. 
Hence,  since  it  was  customary  to  heat  the  buttons  beyond  the  fusing 
point  for  several  minutes  before  alloying,  and  since,  moreover,  the  range 
of  specific  resistances  due  to  alloying  is  enormously  large,  it  is  probable 
that  impurities  in  the  platinum  have  not  distorted  the  data  for  resistance 
and  density  to  a  serious  extent. 

The  same  degree  of  reliance  can  not  be  placed  on  the  thermo-electric 
data.  Indeed,  the  behavior  of  the  fused  sample  here  is  curious.  In 
Table  36,  for  instance,  the  values  of  e  oscillate,  and  are  actually  greater 
after  the  third  fusion  than  originally,  whereas  the  values  of  st  for  the 
same  wire,  under  the  same  circumstances,  decrease  with  the  utmost 
regularity.  The  mean  values  of  Table  37,  as  compared  with  the  values 
in  Tables  38  and  39,  show  a  similar  irregularity  of  decrease.  It  follows 
therefore  that  the  results  for  ax  103  must  be  regarded  as  distorted  by 
an  arbitrary  constant,  which  remains  nearly  the  same  for  a  single  set  of 
alloys,  but  which  varies  from  one  set  to  another  by  an  amplitude,  the 
maximum  total  value  of  which  can  not  be  safely  put  less  than  1,000. 
In  other  words,  the  error  of  ax  103  from  series  to  series  may  be  as  large 
as  ±500.  It  is  only  the  more  powerful  thermo-electric  combinations  in 
the  above,  i.  e.,  alloys  ot  gold,  cobalt,  silver,  manganese,  chromium,  iron, 
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nickel,  iridium,  and  molybdenum,  which  fall  well  outside  of  this  zone  of 
error,  and  for  such  only  have  thermo-electric  inferences  been  drawn. 

Electrical  resistance  and  its  temperature-coefficient. — 1  have  now  to  touch 
upon  the  main  results  of  the  present  chapter,  i.  e.,  the  relation  between 
the  resistance  (*0)  and  the  temperature-coefficient  of  resistance  (a).  The 
results  in  the  digest,  Table  34,  may  be  best  exhibited  in  a  chart,  Fig.  26, 
in  which  a  x  103  is  represented  as  a  function  of  s0.  It  is  well  to  remark 
in  passing  that  a  has  been  calculated  by  a  linear  formula,  and  from  the 
three  observations  made  at  ordinary  temperatures  at  100°  and  at  357°  two 
values  of  a  may  be  reasonably  deduced,  since  the  measurement  at  room 
temperature  is  less  liable  to  error.  The  equation  a—(r— r')  /  {rt'  —  rt1) 
furnishes  a0m  and  a^356,  both  of  which  are  inserted  in  Table  36.  s0  applies 
for  0°  C.  The  assumption  of  the  linear  form  has  been  wholly  a  matter  of 
convenience,  it  being  desirable  to  avoid  the  excessive  computation  which 
would  have  been  necessitated  by  quadratic  forms. 

The  figure  contains  both  ^0100  and  a^56,  the  former  of  which  is  given  in 
heavy  or  large  dots 5  the  latter  is  in  comparatively  light  dots.  Vertical 
lines  pass  through  each  datum,  and  at  their  ends  the  name  of  the  plati- 
num alloy  is  inscribed.  For  the  sake  of  comparison,  finally,  there  has 
been  introduced  into  the  chart  a  curve  showing  the  results  which  Dr. 
Strouhal  and  I1  formerly  obtained  for  iron-carburets,  the  data  them- 
selves ranging  as  follows : 

Specific  electrical  resistance  and  electrical  temperature-coefficient  of  steel.     Practical  table. 


s 

a 

s 

• 

s 

a 

s 

a 

cm 

cm2 

cm 

r,  0° 

cm2 

cm 

— 5O0 
cm2 

cm 

5  0° 

cm2 

microhm. 

microhm. 

microhm. 

microjim. 

10 

0.  0050 

21 

0.  0033 

32 

0.  0022 

43 

0.  0017 

11 

48 

22 

32 

33 

21 

44 

17 

12 

46 

23 

31 

34 

21 

45 

16 

13 

44 

24 

29 

35 

21 

46 

16 

14 

42 

25 

28 

36 

20 

47 

15 

15 

41 

26 

27 

37 

19 

48 

15 

16 

39 

27 

27 

38 

19 

49 

15 

17 

38 

28 

26 

39 

19 

50 

15 

18 

36 

29 

25 

40 

18 

60 

13 

19 

35 

30 

24 

41 

18 

70 

13 

20 

34 

31 

23 

42 

17 

80 

12 

This  curve  is  dotted  in  the  figure,  the  alloy  curve  being  given  in  a  full 
line. 

Eeturning  to  the  curve  for  alloys,  it  appears  that  the  difference  be- 
tween a0W()  and  a0356  is  not  larger  than  is  quite  in  keeping  with  the  occur- 
rence of  reasonable  curvilinear  relations  between  resistance  and  tem- 
perature, and  that  for  the  present  purposes,  where  a  general  survey  over 
the  whole  group  of  platinum  alloys  is  to  be  attempted,  a0m  may  be 
accepted  as  coincident  in  value  with  the  respective  tangents  of  the 

1  Wied.  Aim.,  vol.  20,  1883,  p.  525;  Bull.  U.  S.  Geol.  Survey,  No.  14,  1885,  p.  19. 

(803) 


150 


MEASUREMENT    OP   HIGH    TEMPERATURES. 


[BULL.  54. 


(804) 


babus.1  PYROELECTRIC    PROPERTIES    OF    ALLOYS.  151 

curvilinear  relations  in  question.  Large  differences  between  o^100  and 
a0356  occur  in  case  of  one  aluminium  alloy,  two  cobalt  alloys,  and  one 
silver  alloy;  but  the  exceptional  data  of  the  aluminium  alloy,  as  well  as 
the  cobalt  alloys,  have  already  been  adverted  to  above  in  discussing  the 
density  and  resistance  data.  In  the  case  of  the  aluminium  alloy,  I  sus- 
pect that  some  error  of  measurement  has  eluded  me,  whereas  the  two 
cobalt  alloys  seem  to  be  deficient  in  homogeneity,  as  is  also  the  silver 
alloy.  These  inferences  are  permissible,  because  the  remaining  alu- 
minium, cobalt,  and  silver  alloys  behave  normally,  and  I  am  therefore 
warranted  in  excluding  the  three  unmistakably  exceptional  data  (A!, 
Co,  Co)  from  the  present  considerations  altogether. 

Without  any  essential  restrictions  therefore  I  need  only  fix  attention 
upon  the  large  biack  dots  of  the  chart,  and  from  these  52  data  it  appears 
clearly  that  the  alloys  of  platinum  may  be  regarded  as  a  class  of  mate- 
rials possessing  certain  generic  physical  properties,  inasmuch  as  the 
effect  of  alloying  platinum  with  small  amounts  (less  than  10  per  cent.) 
of  any  other  metal  is  a  variation  of  the  limiting  ratio  of  resistance  and 
temperature,  when  the  latter  approaches  zero,  in  a  way  that  is  inde- 
pendent of  the  special  ingredients  of  the  alloy  from  which  data  may  be 
obtained.  Such  variation  depends  only  on  the  resistance-position  of  this 
alloy  in  the  class. 

In  other  words,  if  I  put  st  =/(£),  where/  is  a  series  of  powers  of  t  then 
s0  =/(0)  and  a  —f  (0):/(0),  and  therefore  s0  and  a,  considered  theoret- 
ically, have  to  each  other  relations  expressible  by  a  first  differential  co- 
efficient. According  to  the  experimental  result  just  stated,  furthermore, 
/'(°)  :/(0)  is  such  a  function  of/(0)  that  the  dependence  of/'(0)  :/(0)  on 
/(0)  is  independent  of  the  ingredients  of  the  alloy  by  which  the  varia- 
tions of/(0)  may  be  produced,  provided,  of  course,  the  point  of  view  be 
that  of  obtaining  a  broad  class  distinction  for  the  platinum  alloys  as  a 
whole,  and  not  to  discern  rigorously  the  characteristics  of  the  indi- 
vidual alloy.  To  return  again  to  the  figure  with  a  view  of  examining 
the  discrepancies  critically,  I  find  that  the  divergence  of  data  from  the 
mean  curve,  drawn  as  carefully  as  possible  through  them,  is  largest  to- 
ward the  right-hand  half  of  the  figure.  This,  however,  is  easily  ac- 
counted for,  since  in  proportion  as  the  resistance  of  the  alloy  is  greater 
the  results  are  more  and  more  seriously  distorted  by  an  insufficiently 
homogeneous  mixture  or  by  imperfect  alloying  of  the  ingredients  of  the 
metal.  The  alloys  of  nickel,  perhaps,  are  conspicuous  as  occupying  a 
position  above  the  mean  curve,  the  alloys  of  copper  as  falling  below  it, 
but  for  the  other  alloys  a  uniformly  exceptional  position  can  not  be  said 
to  be  discernible.  If  the  alloying  be  imperfect  the  corresponding  a  will 
be  erroneously  large,  and  a  tendency  toward  over-large  values  of  a  is 
the  general  character  of  the  discrepancies  which  the  figure  presents. 

Probably,  too,  the  extreme  end  of  the  curve  already  partakes  of  the 
divergence,  in  virtue  of  which,  in  a  retrograde  movement,  the  diagram 
position  of  the  metal  alloyed  to  platinum  must  ultimately  be  reached. 
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Having  therefore  obtained  some  general  notions  of  the  dependence 
of  f(0)  :/(0)  on/(0),  it  is  next  in  place  to  endeavor  to  inquire  into  the 
form  of  dependence  of  these  two  classes  of  experimental  data  on  each 
other.  With  a  view  of  arriving  at  as  simple  a  relation  as  possible  I 
have  tested  the  hyperbolic  equation — 

if(0)+l)(f(0):(f(0)+m)=:n (I) 

which  contains  three  constants,  and  for  the  computation  of  which  three 
pairs  of  values  of/(0)  and/'(0)  :/(0)  suffice.  These  may  be  taken  from 
the  figure,  with  some  care  as  regards  the  judicious  selection  of  points,  as 
follows : 

/(0)=11.7       f  (0)  :/(0)  0.00300 

20.0  0.00164 

60.0  0.00050 

If  we  denote /(0)  and /'(())  :/(0)  for  a  moment  by  x  and  y,  the  values 
of  I  and  m  have  the  general  forms 

1_(x—x")(xy—x'y')  —  (x—x')(xy—x"y")  ,9. 

~(y-y")(x-x')-(x-x")(y-y')  *    '    '    '    l| 

m = -  (y— $")(*!!— xfy')—(y—y')(®y-x"y")  (3\ 

{y-y")(x-x')-{x-x")(y-y')  '  \ 

which,  together  with  equation  (1)  for  the  special  values  of  x  and  y,  lead 
to  the  constants 

l=  -0.1360  m=0.0002548  ^=0.03764. 

Moreover,  the  curve 

(/(0)_0.1360)(//(0):/(0)+0.0002548)=0.03764    .     .     .     (4) 

does  not  differ  appreciably  from  the  curved  line  which,  in  Fig.  26,  has 
been  accepted  as  the  locus  of  the  larger  black  dots. 

Equation  (4),  however,  is  exceedingly  significant.  Inasmuch  as/(0) 
varies  between  10  and  70,  I  is  generally  considerably  less  than  1  per 
cent.  of/(0).  Equation  (4)  therefore  emphatically  suggests  that  a  sim- 
pler form  of  equation  be  assumed,  in  which  1=0.  Equation  (4),  how- 
ever, contains  still  another  striking  suggestion.  The  positive  character 
of  the  constant  m  indicates  that  a  larger  value  than  a0m,  or  the  mean 
temperature-coefficient  between  zero  and  100°,  will  tend  to  further 
simplify  equation  (4).    Now,  since,  generally,  <V00><*o356?  it  follows  that 

f(0):f(0)  =  a>a0™. 

Hence,  with  these  modifications  implied, 

/(0)(/(0):/(0)  +  w)=» (5) 

will  in  all  probability  hold  good  for  the  observations  as  a  whole  even 
more  nearly  than  (4). 
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To  avoid  complete  recalculation  of  a  it  is  desirable  to  investigate 
some  method  for  passing  from  a0m  and  »0357  to  a.    If  the  values 

s,  s',  s"  correspond  to  t,  t',  t", 
and  if  I  accept 


1  +  at+p?     l  +  at'+pt,2~l  +  at"  +  pt"2 

there  follows : 

_      (s'-s)(st"2-s"t2)-(s"-s){st/2-s,t2) 
a-(st'-s't){st"2-s"l2)-(st"-s//t)(st,2-s't2 

from  which  it  is  easy  to  deduce 

™  100         „,  356 


St' 


—S"f  iSV'—S'f6 

W>*7  st'—s't 


Now,  st"—s"t=;D"  and  st'—s't=D'  are  already  known  from  the  earlier 
computations ;  and  for  the  present  purpose,  where  a  correction  only  is 
sought,  s"t2  and  s'f  may  be  neglected  as  compared  with  st"2  and  st'2, 
respectively,  t  being  small  in- comparison  with  V  and  t".    Hence 


n  100 ™  35fi 

„ n  100 "o  ^0 

t,2  J)/t 


which,  since  t"2/t'2  is  a  constant,  is  a  sufficiently  convenient  form,  and 
much  of  the  correcting  may  be  done  mentally.  Finally,  the  three  quan- 
tities tf0100>  ar100357>  and  a03b7  have  a  similarly  simple  approximate  relation 
;o  each  other ;  for 


100  °  °    o   sv      357 


whence 

"o100  (t'-t)+am™  (t"-V)=a™  (t"-t\ 

whence,  furthermore,  for  instance, 

+ii // 

^100 ^357 V  t/Y  10° rv     *b7\ 

a0       "0       +// j.  \UQ       "100      / 

md  since  {t" —t')/{t"—t)  is  a  constant  these  reductions  are  also  mental. 
It  has  been  observed  that  the  corrections  throughout  affect  only  a 
•ew  units  of  the  last  figure,  and  it  is  for  this  reason  that  the  reductions 
ire  simple.  As  a  matter  of  corroboration  a  for  Nos.  0,  1,  2,  3  was  cal- 
ulated  directly  by  the  quadratic  formula.     The  results  were : 

No.  0 ^=0.002328 

1 <r =0.001827 

2 .<* =0.001492 

3 ^ =0.001323 

vhich  agree  substantially  with  the  other  values  in  Table  34. 
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The  values  of /(0)  and/'(0)  :/(o)  being  thus  carefully  revised  it  willl 
be  expedient  to  follow  the  suggestion  to  which  I  adverted  a  moment 
ago,  and  put 

f(0y(f(0)-f(0)+m)=n (5;, 

By  constructing  the  revised  data  in  Table  34  and  taking  their  graphic 
mean  locus  I  derive  the  following  pairs  of  correlative  values: 

x  =  12  y  =0.00205 

x'  =25  y'  =0.00130 

x"=m  #"=0.00054 

from  which,  deducing  the  constants  m  and  n, 

m=0.000226  w=0.0331 

and  the  locus /(0)  (f(0)  :f(0)+m)=n  does  not  differ  appreciably  fromi 
the  mean  locus  graphically  selected. 

Having  thus  satisfactorily  made  this  preliminary  survey  it  is  finally 
desirable  to  calculate  the  constants  m  and  n  by  the  method  of  leasft 
squares.  Before  doing  this  equation  (5)  may  be  put  under  a  betten 
form  for  practice  by  writing 

.  /(0}:/(0)=^jy-"» (I 

where  -^t^  is  simply  the  zero  value  of  electrical  conductivity  of  the^ 

alloy  whose  temperature-coefficient  is/'(0)  :/(0).  Equation  (6),  whern 
operated  on  by  the  method  of  least  squares,  does  not  give  inor 
dinate  preference  to  the  values  /(0)  of  high  resistance,  and  sinc^ 
the  high  values  can  not  be  warranted  with  a  greater  degree  of  accurac5i 
than  the  low  values,  equation  (6)  may  most  expediently  be  made  th(* 
basis  of  computation.  This  I  have  done,  and  the  results  in  Table  41 
contain  the  observed  values  of /(0)  and  f  (0)  :  /(0),  the  calculated  value!  J 
/'(0)  :/(0),  and  the  errors,  and  finally  the  constants  m  and  n,  with  th(< 
probable  errors  A„  (m)  and  An  (n)  of  each,  supposing 


Jjr(m)=0.G74 


^(w)  =  A 


2  (Ayf 

X* 

k-2 

lc2. 

x-(2 

$ 

\2(Ayy 

1c 

X2     \      xj 


where  lc  is  the  number  of  observations  and  the  factor  (  ld=  _!l_  )  has « 


0.5  \ 
yfk) 


been  suppressed,  and  where  a?  and  y  stand,  respectively,  for  /(0)  andti 
f(0)  :/(()).  The  last  three  alloys,  10,  11,  12,  were  added  subsequently 
to  the  calculation. 
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Xo. 

f(0) 

Observed. 
/'(0):/(0)xl0» 

Calculated. 
f  (0)  :/(0)  x  103 

Error. 
xlO3 

Alloy. 

0 

14.91 

2.33 

2.34 

-0.01 

Pt 

1 

18.53 

1.84 

1.84 

—0.01 

Au 

2 

22.13 

1.49 

1.51 

-0.02 

Au 

3 

24.67 

1.33 

1.34 

—0.01 

Au 

4 

19.06 

1.87 

1.79 

+0.08 

Ag 

7 

19.42 

1.76 

1.75 

+0.01 

Pd 

8 

20.40 

1.67 

1.66 

+  0.01 

Pd 

9 

23.64 

1.30 

1.40 

— 0.  10 

Pd 

13 

31.  75 

0.91 

1.00 

-0.09 

Cu 

14 

33.59 

0.83 

0.93 

-0.10 

Cu 

15 

63.56 

0.21 

0.40 

-0.19 

Cu 

48 

25.29 

1.31 

1.30 

+  0.01 

Cu 

49 

53.60 

0.34 

0.51 

—0.17 

Cu 

16 

21.67 

1.75 

1.55 

+  0.20 

Ni 

17 

26.84 

1.39 

1.21 

+0.18 

m 

18 

32.76 

1.11 

0.96 

+0.15 

Bfi 

19 

28.56 

1.11 

1.13 

-0.  02 

Co 

20 

39.62 

0.93 

0.76 

+0.17 

Co 

41 

23.97 

1.43 

1.38 

+0.05 

Co 

22 

36.33 

0.74 

0.84 

-0. 10 

Fe 

23 

41.80 

0.67 

0.71 

-0.04* 

•  Fe 

24 

59.  92 

0.37 

0.44 

-0.07 

Fe 

42 

62.52 

0.46 

0.41 

+0.  05 

Fe 

43 

28.75 

1.21 

1.12 

+0.09 

Fe 

50 

60.16 

0.46 

0.43 

+0.03 

Steel 

51 

49.16 

0.81 

0.58 

+  0.23 

Steel 

25 

27.37 

1-17 

1.19 

—0.02 

Cr 

26 

40.87 

0.66 

0.73 

-0.07 

Cr 

27 

52.35 

0.58 

0.52 

+  0.06 

Cr 

44 

31.09 

0.98 

1.02 

-0.04 

Cr 

28 

21.52 

1.57 

1.56 

+0.01 

Sn 

29 

25.60 

1.29 

1.28 

+0.01 

Sn 

30 

39.86 

0.70 

0.75 

— 0.  05 

Sn 

32 

21.18 

1.58 

1.59 

-0.01 

Al 

33 

25.64 

1.33 

1.28 

+0.05 

Mn 

34 

48.87 

0.55 

0.58 

-0.  03 

Mn 

35 

15.96 

2.20 

2.18 

+0.  02 

Mo 

36 

18.95 

1.78 

1.80 

—0.  02 

Mo 

45 

16.40 

2. 12 

2.11 

+  0.01 

Mo 

37 

14.64 

2.30 

2.38 

—0.08 

Pb 

46 

17.00 

2.09 

2.03 

+  0.06 

Pb 

38 

29.48 

1.12 

1.09 

+  0.03 

Sb 

47 

15.83 

2.12 

2.19 

— 0.  07 

Bi 

52 

44.19 

0.57 

0.66 

-0.09 

Zu 

54 

24.  51 

1.41 

1.  35 

+0.06 

Zn 

A 

12.04 

2.96 

2.94 

+0.02 

Pt 

C 

13.27 

2.50 

2.66 

—0.16 

Pt 

10 

19.42 

1.76 

1.75 

+  0.01 

Ir 

11 

20.40 

1.67 

1.66 

+0.01 

Ir 

12 

23.64 

1.30 

1.40 

—0.10 

Ir 
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The  constants  to  which  the  values  of  this  table  refer  are 

m = 0.0001939  i  0.0000233  n= 0.03778  ±0.00054 

The  probable  errors  of  m  and  n  indicate  that  the  inaccuracy  is  large 
incurred  in  the  measurement  of  /'(0)  :/(0),  whereas  n  is  much  mc 
fully  warranted.  The  equation  is  one,  however,  in  which  pairs  of  v. 
' ues.  of  m  and  w,  either  both  larger  or  both  smaller  than  the  critic 
values  above,  readily  compensate  each  other.  As  usual,  the  con star 
which  may  be  derived  with  a  little  forethought  from  careful  grapl 
representations  of  results  are  probably  nearer  the  truth  than  the  valu 
which  are  mechanically  computed  by  the  method  of  least  squares. 
The  final  results  of  this  chapter  may  therefore  be  stated  as  follow 
In  endeavoring  to  describe  the  platinum  alloys  as  a  class  possessii 
generic  characteristics,  it  is  permissible  to  abstract  from  the  minu 
and  individual  behavior  of  the  isolated  alloy ;  and  it  appears  that  ele 
trical  temperature-coefficient  /'(0)  :/(0)  varies  as  a  linear  function 
conductivity  (1  :/(0))  throughout  the  whole  enormous  variation  of  i 
sistance  (10  to  65  microhms,  c.  c.)  which  platinum  alloys  not  too  high 
alloyed  (<10  per  cent.)  present.  In  other  words,  if  at  t°  the  specific  r 
sistance  of  a  platinum  alloy  be  denoted  by  /(£),  where  t  symbolizes  tei 
perature,  then 

/(0)(//(0):/(0)+0.000194)=0.0378 ( 

It  is  perhaps  not  superfluous  to  remark  in  passing  that  if  instead  of  tli 
thoroughly  arbitrary  temperature  0°  centigrade  some  other  value  mo 
in  keeping  with  the  qualities  of  platinum  alloys  had  been  selected  til 
constants  m  and  n  would  present  different  values ;  and  it  is  easily  co 
ceivable  that  correlated  values  of '/(/)  and/'(tf)  may  exist,  for  which  tl 
constant  m  is  annulled  and  for  which  equation  (7)  takes  its  simple 
form.    The  actual  search  for  such  a  result  involves  more  labor  than 
can  at  j)resent  apply.     Clausius1  was  the  first  to  call  attention  to  tl 
approximate  proportionality  of  the  resistance  of  most  pure  metals  witt 
their  absolute  temperature. 

Accepting  Matthiessen's  general  relation 

st=sQ{l+  at- fit2)  ^=0.00382  /?= 0.00000120 

and  putting 

dst_  s0 
dt~21V 

it  appears  that  at,  say,  60°  the  said  proportionality  is  accurate.  Again 
since/(2)  increases  more  rapidly  than  f'(t)  decreases,  with  increasin 
temperature  the  passage  of  the  equation 

/(0)  (/'(0)  :/(0)+«)=»into/(*)/'(t)  :/(0)=n', 

may  be  looked  for  in  the  region  of  positive  t. 

» Clausius:  Pogg.  Ann.,  4th  series,  vol.  14,  1858,  p.  650;  ef.  Bull.  U.  S.  Geo!.  Survey 
No.  14,  1885,  p.  24. 
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Other  relevant  results.— A  research  into  the  relations  of  electrical  con- 
ctivity  and  temperature  makes  up  an  important  part  of  the  labors  of 
itthiessen.  In  addition  to  his  well-known  results  for  pure  metals, 
itthiessen1  and  his  friends  investigate  the  electrics  of  alloys  Pb,  Sn 
1,  SnCu,  SnAg,  ZnCu,  AuCu,  AuAg,  PtAg,  PdAg,  CuAg,  FeAu,  Fe- 
i,  PCu,  AsCu,  and  some  other  metals.  Unfortunately,  not  all  of  these 
oys  are  available  for  the  present  discussion,  for  Matthiessen's  purpose 
ems  rather  to  have  been  the  exploitation  of  a  great  number  of  series 
groups  of  alloys.  On  the  other  hand,  it  is  my  purpose  to  examine 
e  electrical  behavior  of  as  many  alloys  as  possible  of  a  single  given 
oup.  In  Matthiessen's  work  the  three  PbAg  alloys  and  the  two  SnAg 
ioys  lie  too  far  apart. 

On  perusing  Matthiessen's  andVogt's  results  it  appears  that  Pb  alloys,2 
i  alloys,  and  Fe  alloys  will  have  to  be  excluded  from  the  present  con- 
leration,  inasmuch  as  the  data  are  either  insufficient  in  number  or  lie 
0  far  apart  from  each  other  and  from  the  extremes  of  the  series,  or  be- 
use  of  mechanical  difficulties  encountered  in  making  the  alloys  and 
aping  the  wires.  Perhaps  there  are  other  reasons.  There  remain  a 
ry  full  series  of  copper  alloys,  namely,  CuSn,  CuZn,  CuFe,  CuP, 
lAs,  a  series  of  silver  alloys,  viz,  AgAu,  AgPt,  AgPd,  AgCu ;  and  a 
w  gold  alloys,  viz,  AuGu,  AuAg. 

In  view  of  the  importance  of  these  data  I  have  computed  the  fallow- 
s' tabular  statement  of  Matthiessen's  results,  re-arranging  the  data  in 
ivay  which,  for  my  special  purposes,  is  expedient;  and  I  have  also 
ded  Matthiessen's3  results  for  pure  metals.  In  Table  40&  \'Q  denotes 
b  conductivity  in  Matthiessen's  standards  (Ag=100),  a  the  tempera- 
re-coefficient  of  the  alloy  of  which  the  composition  is  given  on  the 
me  horizontal  row.  I  have  rounded  off  Matthiessen's  large  numbers, 
cause  the  arbitrary  errors  introduced  during  the  mechanical  prepara- 
>u  of  the  alloys,  together  witli  the  errors  of  structure  and  hardness 
d  the  more  serious  errors  of  imperfect  homogeneity  make  the  extreme 
curacy  of  the  electrical  datum  illusory.  The  table  furthermore  con- 
ins  A0,  the  electrical  conductivity  in  microhms  referred  to  the  cubic 
atimeter.  This  reduction  is  made  by  means  of  mercury.4  In  the 
5t  two  columns  of  Table  40a  the  value  of  a,  computed  by  the  formula 
\-m=n\0  and  the  corresponding  errors  are  inserted.  Of  these  re- 
sults further  mention  will  be  made  below,  and  I  need  here  state  only 
at  the  constants  m  and  n,  given  at  the  end  of  the  table,  were  derived 
>m  all  the  observations  by  the  method  of  least  squares.     The  com- 

Matthiessen  and  Vogt :  Pogg.  Ana.,  vol.  12,  1864,  p.  19. 

The  metallic  ingredient  present  in  the  alloy  in  larger  amount  is  fitly  used  in  desig- 
ning the  alloy. 

Matthiessen  u.  v.  Bose:  Pogg.  Ann.,  vol.  115,  1862,  p.  353. 

Jenkin,  who  made  similar  reductions  in  the  case  of  pure  metals  by  means  of 
d,  arrives  at  somewhat  different  numbers.  A  satisfactory  absolute  table  can  not 
constructed. 
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positions  given  are  volume  percents,  except  in  the  case  of  phosphide 
and  arsenides  of  copper,  where  mass  percents  are  meant. 

Table  40a. — Showing  MattMessen's  and  Vogt's  results  for  the  electrics  of  gold,  of  silve', 

and  of  copper  alloys. 


■- 

Alloy. 

Composition. 

A.'o 

Observed. 

Mi- 
crohms. 

Calcu- 
lated. 

axlO3 

A„  x  103 

ax  10s 

JaxlO3 

Au 

79 

3.67 

506 

3.69 

—2 

AuCu 

1.6%Cu 

56.1 

2.65 

359 

2.63 

+  2 

Gold  alloys < 

AuCu 

18.3  %Cu 

16.1 

0.75 

103 

0.79 

—4 

i 

AuAg 

20.  1  %  Ag 

21.5 

1.11 

137 

1.03 

+8 

I 

AuAg 

47.  9  %  Ag 

15.1 

0.70 

9 

0.74 

—4 

Ag 
*AgCu 
AgCu 

109 

3.82 

691 

3.83 

±0 

1.5%Cu 

79.7 

(?)4. 12 

510 

8.  2  %  Cu 

80.3 

2.75 

514 

2.88 

-13 

AgCu 

46.  7  %  Cu 

74.9 

2.80 

480 

2.69 

+  11 

Silver  alloys...  < 

AgPt 

2.  5  %  Pt 

31.6 

1.24 

202 

1.20 

+  4 

AgPt 

5.  0  %  Pt 

18.0 

0.77 

115 

0.73 

+  i 

AgPt 

9.  7  %  Pt 

6.7 

0.33 

43 

0.34 

-  1 

AgPd 

23.  3  %  Pd 

8.5 

0.32 

55 

0.41 

-  9 

AgAu 

19.  9  %  Au 

21.7 

0.90 

139 

0.86 

+  4 

Cu 
CuAg 

102 
89.5 

3.87 
3.45 

653 
573 

3.98 
3.54 

—11 
—  9 

1.  6  %  Ag 

CuAg 

4.8%  Ag 

82.3 

3.25 

527 

3.29 

—  4 

CuAg 

22.  4  %  Ag 

69.8 

3.03 

447 

2.85 

+  18 

CuAu 

0.7  %  Au 

84.0 

3.82 

538 

3.35 

-  3 

CuAu 

19.  2  %  Au 

20.  i 

0.86 

131 

1.11 

-25 

CuFe 

0.  5  %  Fe 

38.9 

1.55 

249 

1.76 

-21 

CuZn 

5.  0  %  Zn 

60.4 

2.47 

2.52 

—  5 

CuZn 

10.  9  %  Zn 

46.9 

2.05 

300 

2.04 

+  1 

CuZn 

23.  G  %  Zn 

21.3 

1.88 

136 

1.14 

+  74 

Copper  alloys..  J 

CuZn 
CuZn 

29.4%  Zn 
42. 1  %  Zn 

21.7 
21.8 

1.27 
1.37 

139 
140 

1.15 
1.16 

+  12 

+21 

CuSn 

1.  4  %  Sn 

62.5 

2.68 

2.59 

+  9 

CuSn 

6.  0  %  Sn 

19.7 

1.00 

126 

1.08 

-  8 

CuSn 

11.  6  %  Sn 

12.1 

4.69 

77 

0.89 

—12 

CuSn 

12.3  %Sn 

10.2 

0.67 

65 

0.74 

-  7 

CuSn 

14.  9  %  Sn 

8.8 

0.55 

56 

0.69 

-14 

CuP 

1.  0  %  p 

23.6 

1.32 

151 

1.  22 

+10 

CuP 

2.  5  %  P 

7.3 

0.48 

47 

0.64 

-16 

CuAs 

Trace 

61.1 

2.64 

391 

2.54 

+  10 

CuAs 

2.  8  %  As 

12.9 

0.74 

82 

0.84 

—10 

CuAs 

5.  4  %  As 

6.3 

0.51 

40 

0.61 

-  9 

a  -|-  m  —  n  K 

Gold  alloys  :  m  =  —  0.  000045  ±  0.  000030 
n  =  -\-  0.00721   ±0.00010 

Silver  alloys :  m  =  —  0.  000112  ±  0.  000031 
n  =  +0.00538  ±0.00085 

Copper  alloys :  m  =  —  0.  000386  +  0.  000040 
n=  +  0.000551  ±0.00012 


Rejected. 
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III  interpreting  these  results  graphically  it  is  necessary  to  proceed 
with  caution;  for  inasmuch  as  specific  resistance  enters  into  them  recip- 
rocally, large  values  of  resistance  will  be  only  inadequately  represented. 
The  tables  contain  many  such  values,  nevertheless,  enough  data  re- 
main to  exhibit  the  striking  linear  character  of  the  curves  on  which 
the  gold,  silver,  and  copper  points,  respectively,  lie.  It  is  certain  that 
the  initial  tangent  coincides  with  the  initial  curves  throughout  an  enor- 
mous extent  of  their  course.  Matthiessen,1  who  expressed  this  result 
under  a  somewhat  involved  form,  was  well  justified  in  computing 
by  means  of  it  the  conductivity  of  a  pure  metal  from  data  found  for 
metals  slightly  impure.  This  computation  premises  the  truth  of  Mat- 
thiessen's  other  principle  that,  with  certain  distinct  exceptions,  the 
electrical  temperature-coefficients  of  all  pure  metals  are  the  same. 

After  Matthiessen  and  Yogt  the  curious  relation  in  question  seems  to 
have  failed  to  enlist  further  attention.  It  will  be  desirable  therefore 
to  endeavor  to  add  to  these  results  of  Matthiessen  and  Vogt2  and  of 
myself,  and  to  make  a  test  of  the  corresponding  properties  of  a  group 
of  metals  whose  electrical  relations  to  temperature  differ  very  largely 
from  those  relations  which  hold  for  platinum,  silver,  gold,  copper,  zinc, 
cadmium,  tin,  lead,  arsenic,  antimony,  bismuth.  I  refer  to  the  group  of 
iron  metals  (iron,  nickel,  cobalt),  more  especially  to  the  iron-carburets.'2 
The  latter  also  present  an  unusually  large  range  of  electrical  variation ; 
and  the  fairly  complete  set  of  results  investigated  by  Dr.  Strouhal3  and 
tnyself  is  available  for  discussion.  If  to  these  be  added  Matthiessen's 
result  for  pure  iron,  and  a  mean  curve  be  passed  through  all  the  ob- 
servations graphically,  the  following  principal  coordinates  of  this  curve, 

#=15,  45,  70, 

#=0.00420,  0.00166,  0.00130, 

if  interpreted  by  the  equation  (x+l)(y+m)=n,  lead  to  the  constants, 
Z=_3.73,  m= -0.000706,  rc=0.0394. 

rhese  constants  do  not  reproduce  the  graphic  curve  satisfactorily,neither 
lias  the  constant  I  here  the  negligibly  small  value  found  for  it  in  work- 
ing with  platinum  alloys.  In  view  of  these  results,  it  is  desirable  to 
?xclude  the  interpolated  value  for  pure  iron,  and  to  use  only  our  own 
values  for  steel  and  cast-iron.  It  is  not  possible  to  reduce  Matthiessen's 
^alue  to  our  own  satisfactorily,  and  the  small  datum  for  pure  iron  (large 
reciprocal)  has  an  undue  influence  in  modifying  the  constants  to  be  ob- 
tained by  the  method  of  least  squares.  If  cast-iron  be  also  withdrawn 
:he  results  for  steel  form  a  unique  series,  the  data  being  obtainable  by 

1  Matthiessen  and  Vogt:    Pbilos.  Mag.,  London,  4th  series,  vol.  27,  1863,  p.  4G7; 
Pogg.  Ann.,  vol.  122,  1864,  p.  19. 

2  This  is  particularly  desirable  here,  because  Matthiessen's  and  Vogt's  iron  alloys  do 
lot  seem  to  conform  to  the  principle  here  in  question, 

3 Ball.  11..  S.  Geol.  Survey,  No.  14,  }885,  p.  15. 

(813) 


160 


MEASUREMENT  OF  HIGH  TEMPERATURES. 


[hull.  34. 


simply  varying  temper.     It  is  obvious  therefore  that  data  derived  from 
the  steel  series  alone,  will  be  more  trustworthy  than  any  others.     From 


x=  15.9, 
y=    0.00423, 


28.9, 
0.00244, 


45.7, 
0.00161, 


as  directly  found  for  the  steel  series,  there  follows 

1=0  JS,        m=  -0.0001435,         n  =  0.0682. 

Here  the  constant  I  is  much  smaller,  being  about  5  per  cent,  of  the 
smallest  steel  value  of  x  admitted.  A  similarly  favorable  result  is 
obtained  by  adding  cast-iron  to  the  steel  series,  and  I  have  therefore 
ventured  to  assume  the  equation  x(y-{-m)=n,  conformably  with  the 
method  of  discussion  adopted  in  treating  the  platinum  series. 

Applying  the  method  of  least  squares  to  data  for  steel  and  cast-iron, 
the  results  in  Table  406  are  obtained.    /(0)  (a+m)=n. 

Table  40/;. — Computation  of  m  and  n  for  iron- carburets. 


No. 

Temper. 

/(0) 

a                         a 
observed,     calculated. 

Diff. 

Steel 

13  to  15.... 

Soft  

15.9 
18.4 
20.5 
26.3 
28.9 
45.  7 
78.5 

0.00423            0.00417 

+  6 

-  6 

-  3 
+11 

-  5 
-12 
+  10 

Annealed  light  blue 

0. 00360 
0. 00330 
0. 00280 
0.  00244 
0.  00161 
0. 00129 

0.  00366 
0. 00333 
0. 00269 
0.  00249 
0. 00173 
0.  00119 

Annealed  light  yellow 

m  =  —  0.  000438  ±  0.  000097. 
n  =  +  0.  05930  ±  0.  00151. 

Applied  to  steel  alone  the  same  method  furnishes  the  constants 

m=  -0.000303±  0.000079 
n= +0.0620     ±0.0017; 

applied  to  Matthiessen's  data  for  pure  iron  (a?=9.4,  y=0.0052),  in  addi- 
tion to  the  present  data  for  steel  and  cast-iron 

m=0.001242±  0.000186 
rc=0.0383     ±0.0034; 

In  the  latter  instance,  as  in  the  case  above,  the  computed  curve  does 
not  coincide  well  with  the  curve  graphically  obtained.  It  is  curious  to 
note,  however,  that  the  constant  ??,  where  iron,  steel,  and  cast-iron  are 
selected,  is  near  the  same  constant  for  platinum  alloys.  The  values  are 
w=0.0383  for  iron-carburets  and  w=0.0378  for  steel.  Whether  this  is 
more  than  a  coincidence  I  am  not  now  prepared  to  say,  and  I  have  ad- 
hered to  the  values  in  Table  41,  because  these  are  most  trustworthy  sq 
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far  as  the  data  go.  Referred  to  Matthiessen's  datum  they  yield  an  in- 
ordinately high  value  for  the  temperature-coefficient  of  irou.  Referred 
to  Benoit's  values  for  iron  and  for  soft  steel  the  agreement  is  better, 
but  the  computed  results  are  nevertheless  high. 

/(0)=12.1;  /'(0):  /(0)  computed =0.0053;  found  (Benoit)  0.0045 
f(0)=10.9;  /'(0):  /(0)  computed =0.0059;  found  (Benoit)  0.0050. 

The  results  of  this  laborious  analysis  for  iron-carburets  has  not  been 
so  satisfactory  as  the  corresponding  results  for  platinum  alloy.  The 
auses  for  irregularities  are,  however,  not  far  to  seek.  Oast  iron  is  at 
best  an  exceedingly  heterogeneous  product  and  the  passage  from  pure 
iron  to  pure  cast  iron  must  be  indefinite  because  of  the  divers  modifica- 
tions in  which  the  carbon  may  occur  in  iron.  The  variations  of  occur- 
rence are  not  fully  under  control.  On  the  other  hand,  steel  in  passing 
from  its  lowest  to  its  highest  resistance  does  so  largely  in  consequence 
)f  definite  variations  of  structure.  Finally,  in  working  with  iron- 
arburets  the  difficulties  of  measurement  are  of  a  serious  kind.  Hence, 
since  data  have  here  been  coordinated,  the  changes  of  value  of  which 
ire  due  to  causes  intrinsically  different,  it  is  surprising  to  find  results 
is  harmonious  as  these  prove  to  be.  To  return  therefore  to  the  inference 
)n  page  157,  with  reference  to  the  initial  tangents  of  the  loci  of  copper- 
silver,  of  silver-platinum,  of  gold-platinum,  of  gold-silver,  and  of  the 
otality  of  platinum  alloys,  and  of  steel  in  all  states  of  temper,  it  appears 
;hat  all  these  lines  show  a  common  tendency  to  intersect  in  a  small 
ield  lying  very  near  the  origin  of  co  ordinates.  The  loci  here  in  ques- 
ion  express  the  relation  between  electrical  conductivity  and  tempera- 
ure. 

To  give  perspicuity  to  the  remarks  of  this  paragraph  it  will  be  desir- 
ible  finally  to  construct  a  chart  of  the  linear  relations  as  they  have  been 
bund.  Unfortunately  it  is  difficult  to  reduce  the  Matthiessen  and  Vogt 
lata  to  the  present  standards.  I  have  therefore  withheld  them  from 
he  larger  chart  now  to  be  given.  In  Fig.  27  the  individual  data  for 
platinum  alloys  and  for  steel  and  their  computed  mean  linear  loci  are 
nserted.  The  disposition  of  points  with  reference  to  this  line  is  very 
ilearly  shown.  The  steel  line  has  an  obviously  different  slope  from  the 
ine  of  iron-carburets  (marked  Fe),  while  the  latter  (Fe)  is  not  far  from 
parallelism  with  the  platinum  line.  It  is  worthy  of  note  that  the  iron- 
arburet  line  contains  pure  iron,  cast-iron,  and  glass  hard  steel,  sub- 
tances  in  which  the  carbon  is  largely  chemically  combined  with  iron, 
whereas  annealed  steels  and  soft  steels,  each  of  which  contains  carbon 
incombined,  has  a  linear  locus  of  its  own,  differing  from  the  iron-car- 
Duret  locus.  In  the  above,  platinum  alloys  of  nickel,  cobalt,  and  iron, 
iertain  irregularities  have  been  discerned,  which  may  in  like  manner  be 
'eferred  to  imperfect  alloying. 

General  remarks.— It  is  not  improbable  that  the  relations  sketched 
ffould  hold  indefinitely,  provided  alloying  were  not  necessarily  accom- 
Bull.  54 11'  (815) 
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Fig.  27.  Chart  showing  the  relation  between  electrical  conductivity  and  temperature  of  platinu 
and  other  alloys. 
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paoied  by  a  modification  of  molecular  structure.  Tbe  passage  from  the 
molecular  type,  which  characterizes  the  first  metal  in  the  pure  state,  to 
the  type  which  characterizes  the  second  pure  metal  in  the  alloy  is  un- 
doubtedly so  complex  that  it  is  only  on  approaching  very  near  the  pure 
metals  that  the  nature  of  the  elementary  principles  of  such  a  passage 
can  be  discerned.  This  is  the  interpretation  which  T  venture  to  give 
to  the  linear  loci  investigated.  Perhaps  the  following  comment  will 
make  my  meaning  clearer : 

The  temperature-coefficients  for  pure  metals  are  nearly  constant  and 
independent  of  the  resistances  of  the  metals  themselves,  whereas  their 
specific  resistances  vary  enormously.  Hence  the  locus  (Fig.  27),  if  ex- 
tended for  higher  percents,  must  show  very  decided  curvature.  More- 
over, there  will  be  a  special  locus  for  each  metal  alloyed  to  platinum, 
which  will  terminate  in  the  particular  co-ordinates  /(0),//(0):  /(0)  of 
the  metal  iu  question.  It  is  in  the  neighborhood  of  the  two  pairs  of 
f{®)i  f'W  :  /(0)>  wnich  (one  pair  at  each  end)  terminate  the  locus  ex- 
pressing the  general  relation  between  these  two  quantities,  that  the 
curious  linear  relation  iu  question  seems  to  hold. 

In  view  of  the  fact  that  the  relation  between  /(0)  and  /'(0) :  /(0) 
must  ultimately  be  curvilinear,  the  inferences  to  be  derived  from  equa- 
tion 6  by  making  either  /(0)^=0  or  /'(()) :  /(0)=0  are  necessarily  in- 
volved. To  interpret  it,  similar  relations  would  first  have  to  be  devel- 
oped for  low  percentage  alloys  of  many  other  metals.  Nevertheless, 
these  considerations  are  suggestive.  They  point  to  a  limit,  below  which 
neither  the  electrical  conductivity  of  metals  nor  the  temperature-co- 
efficient can  be  reduced.  It  appears  therefore  that  a  lower  limit,  both 
Of  conductivity  and  of  temperature-coefficient,  is  among  the  conditions 
Of  metallic  conduction,  not  to  say  of  metallic  state. 

To  make  what  I  have  here  in  mind  clearer  I  will  premise  the  follow- 
ing: In  the  case  of  conduction  of  electricity  in  metals  (solid  or  liquid) 
the  effect  of  temperature  is  a  decided  decrease  of  conductivity,  continu- 
ing so  long  as  temperature  increases.  In  the  case  of  conduction  in 
uon-metals  or  in  electrolytes  (solid  or  liquid),  on  the  other  hand,  the 
affect  of  temperature  is  a  decided  increase  of  resistance,  which,  suppos- 
ng  the  liquid  state  to  be  retained,  continues  as  temperature  increases. 
Sence  conduction  in  metals  is  distinguished  from  conduction  in  elec- 
trolytes in  this  respect,  that  if  the  temperature-coefficient  in  one  case 
metals)  be  regarded  positive  its  value  in  the  other  case  (electrolytes) 
;vill  necessarily  be  negative.  Applying  these  general  principles  to  the 
ibove  inferences  for  alloys,  it  appears  that  the  occurrence  of  a  lower 
imit  of  electrical  conductivity  and  of  temperature-coefficient  in  the 
ase  of  alloys  may  be  regarded  as  significant  or  as  being  a  unique  ex- 
pression of  one  of  the  conditions  of  metallic  conduction. 

I  am  thus  led  to  inquire  into  the  nature  of  that  class  of  substances 
^hose  temperature-coefficient  is  zero ;  a  class  of  substances,  in  other 
yords,  in  which  the  metallic  and  the  electrolytic  modes  of  electric  con- 
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ductivity  may  be  supposed  to  converge,  for  a  march  from  the  ex- 
tremes of  high  values  of  conductivity  possessed  by  metals  or  by  sub- 
stances of  positive  temperature-coefficients  to  the  extremes  of  low 
values  of  conductivity  possessed  by  electrolytes  or  by  substances  of 
negative  temperature-coefficients  can  hardly  be  supposed  possible  with 
the  exclusion  of  the  zero  temperature-coefficient. 

The  point  which  I  am  endeavoring  to  make  becomes  even  of  greater 
importance  if  we  associate  with  metallic  conductivity  the  correlative 
property  of  optic  opacity.  Relations  between  light  and  electricity  have 
long  been  investigated,  and  many  curious  experimental  facts  are  known. 
Maxwell's  electro-magnetic  theory  of  light  furnishes  a  theoretical  basis 
for  the  fact  that  all  true  conductors  must  be  exceedingly  opaque. 
Looking  for  a  special  application  of  this  general  principle  it  appears 
that  solid  metals,  no  matter  how  high  the  temperature  to  which  they 
are  heated,  retain  positive  values  for  the  tempera  cure-coefficient. 
Similarly,  Govi's1  careful  experiments  prove  beyond  a  doubt  that  solid 
metals,  even  in  extreme  states  of  red  heat,  remain  opaque.  The  case  of: 
liquid  metals  is  by  no  means  so  definitely  established ;  and  however 
uncertain  and  indefinite  the  evidence,  the  questions  relative  to  possible 
transparency  of  liquid  metals  at  very  high  temperatures  is  an  open  one.2 
Considered  from  an  electrical  point  of  view,  the  increase  of  resistance 
of  a  metal  from  low  temperature  to  the  highest  attainable,  accompanied, 
as  it  is,  by  a  diminution  of  the  temperature-coefficient,  points  more  em- 
phatically to  an  ultimate  occurrence  of  optical  transparency  after  the 
metal  has  passed  from  the  solid  into  the  fused  state.  Finally,  inas- 
much as  optical  transparency  may  be  considered  as  having  been  reached 
at  the  critical  temperature,  it  is  to  this  state  that  the  occurrence  of  the 
zero  temperature-coefficient  is  to  be  referred. 

For  the  present  I  may  state  that  the  position  to  be  taken  with  refer- 
ence to  the  importance  of  this  paragraph  depends  solely  upon  whether 
or  not  the  result  underlying  Figs.  26  and  27  is  to  be  taken  as  the  ex- 
pression of  a  law.  I  have  ventured  to  accept  it  as  such.  The  remainder 
of  the  text  is  an  application  of  simple  geometric  methods.  I  am  nolj 
conscious  of  having  forced  any  point,  and  the  equation  between  f(Q) 
and /'(())  :/(0),  at  which  I  finally  arrive  (page  157),  follows  as  an  imme- 
diate inference.  If  in  this  equation  either  the  first  or  second  of  these 
quantities  be  made  zero,  or  if,  in  other  words,  the  line  be  prolonged  in 
a  negative  direction,  the  predictions  of  the  line  as  a  whole  agree  withj 
the  known  electric  behavior  of  metallic  conductors,  and  with  the  known 
electrical  behavior  of  electrolytic  conductors,  and  furthermore  suggest 
the  possible  occurrence  of  an  intermediate  class  of  conductors,  such  that 
the  passage  from  metallic  to  electrolytic  conduction  may  be  made  conrj 
tinuously. 


1  Govi :  C.  R.,  vol.  85,  1877,  p.  699;  Secchi :  Ibid.,  vol.  64,  1867,  p.  778. 
"W.  Ramsay:  Cbem,  News,  vol.  55,  1887,  pp.  104,175;  Turner:  Ibid.,  p.  163. 
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CHAPTER     IV. 

THEC  ALIBRATION    OF    ELECTRICAL    PYROMETERS    BY    DIRECT 
COMPARISON  WITH  THE  AIR  THERMOMETER. 

DISPLACEMENT   METHODS   OF   AIR   THERMOMETRY. 

Some  time  after  the  methods  for  measuring  high  temperatures  and  of 
measuring  vapor  densities  at  high  temperatures  had  been  fully  devel- 
oped in  the  admirable  manner  due  to  Deville  and  Troost,1  a  new  method 
for  high  temperature  vapor  densities  was  published  by  V.  Meyer.  A 
modification  was  at  once  introduced  by  Crafts  and  Meier,  by  which  V. 
Meyer's  method  became  available  for  the  measurement  of  high  temper- 
atures. In  these  thermometers  the  gas  used,  instead  of  being  kept  at 
constant  pressure  or  at  constant  volume,  as  in  most  air  thermometers,  or 
instead  of  being  pumped  out  by  a  mercury  air-pump,  as  in  Deville  and 
Troost's  apparatus,  is  simply  chased  out  by  a  second  gas.  If  therefore 
the  two  gases  be  collected  over  a  liquid  in  which  the  displacing  gas  only 
is  soluble,  the  volume  of  the  gas  which  fills  the  thermometer  at  any  tem- 
perature is  easily  measurable.  Air,  for  instance,  may  be  used  for  meas- 
urement, expelled  by  HC1  or  C02,  and  collected  over  water.  A  few 
minutes  suffice  for  the  displacement.  Since  all  operations  are  conducted 
under  atmospheric  pressure,  it  is  obvious  that  the  Crafts  and  Meier 
devices  can  be  used  at  temperature  at  which  porcelain  is  seriously  vis- 
cous and  permeable  to  gas. 

Special  forms  of  the  Crafts  and  Meier  apparatus  are  made  by  MM. 
Morlent  freres,  among  which  the  tubular  form  designed  by  Meyer2  to 
fit  the  Fletcher  organic  combustion  furnace  would  appear  to  be  specially 
convenient  for  calibration  work.  In  some  earlier  experiments  Dr.  Hal- 
lock  and  I  endeavored  to  make  use  of  it.  The  accompanying  diagram, 
Fig.  28,  drawn  to  the  scale  -fa  indicates  the  method  of  adjusting  the 
thermometer  for  calibration. 

The  tubular  thermometer  of  porcelain  is  shown  at  A  B  C.  The  ends 
A  and  C  of  both  of  the  capillary  tubes  A  F  and  E  Care  provided  with 
three-way  cocks  of  special  construction,  made  of  brass.  Only  one  of 
these,  D,  is  shown  in  the  diagram,  Fig.  28  being  a  longitudinal  section 
with  an  end  view  cross  section  through  the  canals.  The  thermoelement 
to  be  compared  with  the  air  thermometer  is  stretched  along  its  axis  with 
the  hot  junction  at  a,  the  center  of  figure.  The  two  wires  a  b  and  a  c  pass 
through  the  capillary  tubes  A  F  and  E  C  and  through  a  corresponding 


1  Cf.  Introduction,  p.  27  et  seq.,  where  the  full  references  are  given. 
2V.  Meyer:  Chein.  Ber.,  vol.  15,  1882,  p.  1161. 
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straight  capillary  canal  in  the  stop-cocks.    To  prevent  escape  of  air  a 
these  holes  the  wires  are,  during  the  measurements,  sealec  i 
into  them  with  resinous  or  other  cement. 

The  capillary  stem  of  the  air  thermometer  communi 
cates,  however,  with  a  second  capillary  canal  in  the  stop 
cock  Z>,  at  right  angles  with  the  other  canal.  It  is  througl 
this  second  canal  and  the  three-way  cock  that  either  th( 
soluble  or  the  insoluble  gas  may  be  introduced  into  the 
thermometer,  the  two  lateral  tubes  d  g  and  / 1  being  it 
connection  with  the  corresponding  gasometers.  There  is 
also  a  hole  at  n,  through  which  either  gasometer  may  com- 
municate with  the  atmosphere. 

We  did  not  carry  this  method  of  calibration  into  greal 
detail,  chiefly  because  the  temperature  at  any  given  point 
of  the  long  tubular  space  of  the  Fletcher  furnace,  as  well 
as  the  mean  temperature  of  the  whole  length  of  tube, 
proved  to  be  insufficiently  constant.  Nor  can  it  be  as- 
sumed that  the  temperature  at  the  center  a  of  Fig.  28 
(thermoelement)  is  identical  with  the  mean  temperature 
of  the  tubular  column  of  gas.  Moreover,  since  the  capacity 
of  the  thermometers  is  not  much  over  100cc,  measure- 
ments of  gas  volume  must  be  made  with  very  great  care 
to  be  in  keeping  with  the  accuracy  of  calibration  required.! 
It  is  also  inconvenient  to  insert  a  special  thermo-elementt 
permanently  for  each  series  of  measurements,  the  problem 
of  calibration  being  usually  of  such  a  kind  as  to  make  it 
desirable  to  compare  a  series  of  thermoelements  either 
at  once  or  else  in  rapid  succession.  Finally,  the  thermo- 
element to  be  compared  must  necessarily  be  filiform  and 
very  long,  whereas  the  constants  of  short  thick  thermo- 
elements are  frequently  in  demand.  Add  to  these  even 
more  serious  sources  of  error,  inasmuch  as  measurements 
are  made  in  a  tube  not  glazed  internally  and  with  a  gas, 
the  rigorous  purity  of  which  is  not  assured.  Nevertheless 
this  method  of  calibration  may  sometimes  be  convenient. 
(Of.  p.  36.) 

Taking  the  elaborate  gasometric  apparatus  into  account 
the  method  is  not  as  simple  as  it  appears.     It  occurred 
to  me,  however,  that  this  simplicity  might  possibly  be 
reached  by  displacing  dry  air  with  slightly  superheated 
steam.     But  I  made  no  experiments. 

The  application  of  Crafts's  method,  which  can  easily  be  made  by  in- 
serting a  platinum  capillary  tube  into  the  stem  of  the  air  thermometer, 
deserves  special  notice,  and  by  the  aid  of  the  metallic  tubing,  to  be  de- 
scribed below  (Chap.  V),  can  be  put  to  a  rigorous  test. 
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CONSTANT-VOLUME   THERMOMETERS. 

In  most  of  the  present  experiments  the  object  has  not  been  to  test  the 
rigorous  accuracy  of  the  air  thermometer  so  much  as  to  devise  forms 
of  apparatus  in  which  such  tests  can  be  satisfactorily  made.  I  have 
had  in  mind,  moreover,  that  the  thermometer  is  to  be  used  as  a  means 
of  calibration  the  thernio-element.  Having  found  therefore  that  at 
temperatures  not  exceeding  1,300°  the  porcelain  of  Bayeux  is  quite 
rigid  as  regards  excesses  of  pressure  (internal  or  external)  not  exceed- 
ing one  atmosphere,  I  made  the  early  air-thermometer  measurements  by 
the  constant- volume  method.  •  Jolly's1  well-known  and  convenient  ma- 
nometer was  largely  used,  with  such  modifications  as  the  special  work 
required.  To  connect  bulb  and  manometer  of  the  air-thermometer  adjust- 
ment I  used  capillary  metallic  tubes.  Such  tubes  had  been  used  by 
Keguault2  and  others  before.  They  enable  the  observer  to  place  the 
nianometric  apparatus  at  some  distance  from  the  furnace  and  the  bulb, 
a  condition  of  accurate  measurement  which,  at  high  temperatures,  is 
almost  essential.  I  will  briefly  describe  the  apparatus  more  in  detail. 
The  general  disposition  of  apparatus  is  given  in  Fig.  29  (frontispiece), 
and  there  will  be  little  difficulty  in  recognizing  the  parts  to  which  the 
descriptions  refer.    Further  comment  is  made  below  (p.  188). 

Manometer. — A  very  substantial  form  of  manometer  stand,  made  for 
the  work  by  Mr.  William  Grunow,  of  West  Point,  is  shown  in  the  frontis- 
piece, under  B.  The  stand  is  essentially  that  of  Jolly,  as  modified  by 
Professor  Pfaundler  in  Insbruck.3  It  consists  of  two  vertical  parallel 
.cylindrical  slides  made  of  brass,  160cm  in  length,  2.5c,n  in  diameter,  and 
about  13cm  apart,  measuring  from  center  to  center.  These  slides  (tubu- 
lar) are  fastened  below  to  a  suitably  large  tripod  support,  and  are 
braced  above  by  a  slender  St,  Anthony's  cross,  the  lower  end  of  which 
abuts  against  the  tripod.  Metallic  clamps  or  sleeves,  provided  with 
suitable  devices  for  carrying  the  manometer  tubes,  are  thus  free  to  slide 
along  the  whole  vertical  range  of  100cm.  A  millimeter  scale,  about  two 
meters  long,  is  placed  between  the  brass  upright  for  approximate  meas- 
urement. Finer  measurements  are  made  with  a  cathetometer.4  Obvi- 
ously this  stand  is  equally  convenient  as  a  support  for  both  the  constant 
volume  and  the  constant  pressure  apparatus,  either  of  Avhich  methods  of 
air  thermometry  may  be  used  with  equal  facility.  The  modification  of 
the  Jolly-PfauDdler-  stand,  by  which  the  brace  is  made  to  abut  against 
the  top  of  the  slides  instead  of  against  the  middle,  as  in  the  old  form,  is 
due  to  Dr.  Hallock.  I  have  modified  the  Jolly-Pfaundler  stand  by  using 
four  parallel  slides  of  about  the  length  and  distance  apart  of  those  just 
described  (Fig.  43).    The  two  front  slides  are  used  for  the  manometer 


1  Jolly:  Poggendorff  Annalen,  Jubelband,  1874,  p.  82. 
2Regnault:  Relation  des  experiences,  Paris,  1847,  p.  264. 
3Cf.  Miiller  Pouillet,  Physik,  vol.  2,  1879,  p.  119. 
4 Mr.  Grunow's  form. 


(821) 


168  MEASUREMENT    OF    HIGH    TEMPERATURES.  [bull.  54 

proper;  the  two  rear  slides  for  the  "compensator"  manometer  fo 
adjustable  screens,  etc.  The  four  uprights,  firmly  screwed  to  a  bas 
below  and  to  a  cap  plate  above,  possess  all  the  stability  desirable,  with  I 
out  any  braces  at  all.  The  cap  piece  carries  threaded  holes,  into  which 
vertical  or  horizontal  rods  can  be  screwed,  to  give  further  length  or 
height  to  the  apparatus  whenever  necessary.  In  figure  43  this  form  oi 
stand  is  used  to  support  the  pneumatic  apparatus  in  the  viscosity 
measurements. 

Fig.  30  gives  a  more  succinct  account  of  the  method  of  adjusting  the 
parts  of  the  air  thermometer,  the  parts  being  drawn  about  one-sixth  of 
actual  size. 

The  manometer  proper,  A  B  C  D  E  F  G,  has  the  usual  terminal  glass 
tube  A  B  about  2cm  or  more  internal  diameter,  which  is  joined  to  a  length 
of  about  2  meters  of  rubber  hose,  doubly  wrapped  by  a  steel  three-way 
stop-cock,  B.    This  carries  a  lateral  tubulure,  through  which  superfluous 
mercury  in  the  tube  A  B  may  be  tapped  off,  an  operation  often  desirable 
when  the  constant-pressure  method  is  used,  in  which  case  the  tube  A  B 
may  be  expediently  chosen  wider.    B  may  also  be  shut  off  to  keep  the 
mercury  column  at  a  fixed  height.     The  metallic  sleeve  of  the  manom-  I 
eter  stand,  which  clutches  the  tube  just  below  the  faucet  B,  is  provided  j 
with  a  micrometer  screw  (thread  0.1cm  apart)  by  which  the  height  of  the  i 
meniscus  may  be  adjusted  with  nicety. 

The  other  end,  i/,  of  the  rubber  tubing  is  joined  to  the  lateral  branch  i 
of  this  glass  barometer  tube  H  E  F  G,  held  by  the  second  slide  of  the i 
stand.     This  widens  above  between  F  and  G  to  allow  freer  play  of  the 
upper  meniscus.     Inasmuch  as  it  is  frequently  necessary  to  employ  air* 
thermometers,  glazed  on  the  outside  only,  it  is  desirable  to  work  so  far 
as  possible  with  pressures  less  than  an  atmosphere.     The  result  is  a  ten- 
dency to  force  the  viscous  glaze  into  the  pores  of  the  porcelain.     Satis- 
factory work  with  low  pressures  is  possible  only  when  the  upright  branch 
E  F  is  impervious  to  air.     Hence  it  is  made  of  glass,  like  an  ordinary; 
barometer  tube,  and  all  rubber  connections  and  tubing  here  are  dis- 
carded.    It  is  convenient,  however,  to  insert  a  glass  stop-cock  at  F,  (Fig. 
30),  but  not  essential.     A  stop-cock  is  always  an  opportunity  for  leakage. 

The  top  G  of  the  tube  E  G  may  either  be  drawn  to  a  fine  aperture, 
just  large  enough  to  admit  the  end  of  the  capillary  platinum  tubej 
G I K  M  N  0,  or  it  may  be  cut  off  straight  and  admit  a  rubber  stopper 
sealed  in  with  resinous  cement,  through  which  stopper  the  platinum  tube 
passes.  In  either  case  this  end  of  the  platinum  tube,  sharpened  to  a' 
needle-like  point  below  the  mouth  of  the  capillary  canal,  subserves  the 
purpose  of  a  fiducial  mark  excellently.  In  the  constant-volume  method 
the  volume  of  the  space  above  the  meniscus  must  be  small  and  accu- 
rately known.  Hence  it  should  be  nearly  cylindrical  in  figure,  and  the 
part  F  G  of  the  barometer  tube  not  chosen  too  wide. 

The  extreme  end  of  the  capillary  tube  passes  symmetrically  through 
a  metallic  cap,  0,  the  top  of  which  is  soldered  hermetically  to  the  tube. 
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rhe  end  in  question  projects  somewhat  beyond  the  lower  edge  of  the 
sap,  the  inner  width  of  which  is  such  as  to  fit  snugly  around  the  stem 
of  the  porcelain  air  thermometer  0  P.  Capillary  tube  and  stem  are 
fastened  with  resinous  cement1  in  this  manner:  The  cap  is  clamped  ver- 
tically with  the  open  end  uppermost  in  a  vise  and  filled  with  melted  ce- 
ment, kept  slightly  above  the  melting  point  by  applying  a  burner.  The 
stem  of  the  air  thermometer  is  then  inserted  from  above  and  in  such  a 
way  that  the  projecting  capillary  tube  may  pass  into  the  capillary  canal 
of  the  stem.  The  cement  which  exudes  is  not  removed  until  the  two 
parts  have  thoroughly  cooled  in  the  upright  position  in  which  they  were 
clutched  by  the  vise. 

Metallic  capillary  tubes. — The  capillary  tube  being  some  two  meters 
long,  it  is  convenient,  or  perhaps  even  essential  for  quick  manipulation, 
to  insert  an  intermediate  branch  stop-cock  of  glass,  L  K,  somewhere 
near  the  middle  of  the  tube.  By  connecting  this  cock  with  the  exhaust 
pipe  R  8  of  a  mercury  air-pump,  the  air  of  the  thermometer  bulb  may 
be  removed  in  any  quantity,  the  bulb  thoroughly  dried  at  red  heat,  or 
Bven  filled  with  other  gases  than  air,  in  a  way  which  is  thoroughly  satis- 
factory. To  insert  the  ends  of  the  capillary  tubes  into  the  cock  the 
following  method  is  reliable:  The  iuner  ends  of  the  capillary  tubes  are 
bent  at  right  angles  to  their  axes,  and  then  passed  through  the  two 
parallel  canals  of  a  little  piece  of  the  porcelain  cylinder  used  above  for 
insulating  the  wires  of  the  thermo-element.  The  parts  near  the  right 
angles  are  additionally  secured  by  being  tied  together  with  fine  copper 
wire,  whereupon  the  whole  connection  (excepting,  of  course,  the  ends 
of  the  capillary  canals  of  the  metal  tubes,  which,  for  this  purpose,  pro- 
ject beyond  the  porcelain  cylinder)  is  saturated  with  cement.  The 
cylinder  is  then  inserted  into  one  tube  of  the  glass  faucet  and  sealed 
in  it  with  cement  in  such  a  way  as  to  leave  a  minimum  of  waste  space 
between  the  cylinder  and  the  plug  of  the  faucet.  It  is  well,  moreover, 
to  tie  the  tubes  proper  to  a  stick,  so  as  to  bridge  over  the  severed  part 
Z,  and  thus  avoid  those  leaks  to  which  the  joint  is  liable  when  suddenly 
jerked  or  otherwise  interfered  with  seriously.  It  is  convenient  to  make 
the  exhaust-pipe  E  S  of  thin  lead  tubing,  because  this  can  be  bent  in  all 
directions  and  is  sufficiently  rigid  to  maintain  its  figure  and  sufficiently 
impervious  to  gas.  Two  metallic  capillary  tubes  may  be  coupled  by 
pushing  them  in  opposite  directions  into  a  short  end  of  glass  tubing, 
into  which  they  fit  snugly,  till  the  ends  meet  near  the  center.  Applying 
ja  drop  of  melted  cement  and  the  burner  to  the  end  of  the  glass  tube, 
the  cement  is  drawn  into  the  space  between  the  outer  surface  of  the 
inetallic  tube  and  the  inner  surface  of  the  glass  tube  by  capillary  at- 
traction, so  long  as  the  cement  remains  liquid.     This  joint  is  excellent. 

1  Rosin  and  beeswax  fused  together  in  equal  parts.     In  soldering  a  wire  or  capil- 
ary  tube  axially  into  a  large  glass  tube  tbis  cement  must  be  added  in  thin  horizon- 
tal layers,  otherwise  the  cylinder  of  mastic,  as  it  contracts  on  solidifying,  draws  itself 
iway  from  the  tube.     Marine  glue  is  doubtless  a  more  reliable  cement. 
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Heat  must  be  cautiously  applied  to  prevent  the  cement  from  running 
in  far  enough  to  stop  up  the  capillary  canals.  I  may  add  here  that  in 
later  experiments  I  found  it  best  to  solder  the  ends  of  the  capillary 
tubes  into  a  little  cylinder  of  brass,  retaining  in  other  respects  the  ad- 
justment of  Fig.  30.  The  brass  cylinder  is,  of  course,  provided  with  two 
holes  to  receive  the  tubes.  I  have  also  in  definite  work  discarded 
stop-cocks  altogether,  cementing  either  an  open  glass  tube  or  a  little 
closed  glass  cup  around  the  brass  cylinder  in  question,  according  as  I 
wished  to  exhaust  or  to  dry  the  air  in  the  bulb  or  to  make  thermal 
measurements. 

Capillary  tubes  may  be  made  either  of  copper,  of  silver,  or  of  plati- 
num. The  latter  are  preferable,  because  they  do  not  amalgamate,  and 
if  a  mercury  thread  is  accidentally  forced  into  them,  it  can  be  forced 
out  again  cleanly,  like  the  thread  of  a  thermometer.  Threads  accident- 
ally injected  seldom  pass  beyond  the  stop-cock  L  R,  and  thus  the  fatal 
accident  of  the  injection  of  mercury  into  the  thermometer  bulb  P  is 
avoided.  The  capillary  tubes  should  be  seamless.  I  succeeded  in 
making  them  of  copper  pretty  well  as  follows:  Taking  a  cylindrical 
copper  rod  lcm  in  diameter  and  in  convenient  lengths  of  5cm  to  10c,n, 
central  holes  were  drilled  into  them  about  0.4cm  to  0.6cm  in  diameter,  as 
nearly  as  possible  co-axial  with  the  rod.  These  holes  were  then  filled 
with  fusible  metal,  and  when  cold  the  rods  were  rolled  and  drawn 
down  to  fine  wire  of  the  diameter  required.  The  tubes  were  submerged 
carefully  in  boiling  aniline,  commencing  at  one  end  and  passing  to  the 
other;  this  to  prevent  rupture  in  virtue  of  sudden  expansion  of  the 
fusible  core.  By  means  of  an  air  force-pump,  or  even  of  a  high-press- 
ure steam-boiler,  acting  at  one  end,  sufficient  pressure  was  brought  to 
bear  on  the  fused  core  to  force  it  out  completely.  When  this  occurs 
bubbles  issuing  at  the  end  of  the  tube  rise  in  the  aniline  in  great  num- 
ber. The  tubes  are  then  withdrawn  from  the  bath,  dried,  and,  with  a 
current  of  steam  passing  through  them,  heated  to  redness,  and  tested. 
This  process  is  very  tedious,  inasmuch  as  it  is  not  always  possible  td 
so  draw  the  tubes  that  the  fusible  metallic  core  remains  central.  When 
the  canal  is  asymmetric  there  is  liability  to  rupture,  if  it  does  not  actu- 
ally occur  during  the  drawing.1  For  each  perfect  tube  two  or  three  in 
perfect  ones  must  be  discarded.  Tubes  thus  made  have  a  larger  caliber 
relative  to  their  thickness  than  is  obtainable  iu  other  ways.  Thin- 
walled  capillary  tubes  are  often  specially  desirable,  particularly  when 
tubes  are  to  be  soldered  (with  glaze)  into  the  stem  of  an  air  thermome- 
ter. In  table  41 1  give  the  constants  of  copper  tubes  obtained  by  this 
process. 

1  According  to  Ronina  (cf.  Spring:  Chem.  Ber.,  vol.  15,  1882,  p.  595)  silver  with  M 
platinum  core  (Wollaston's  method)  is  found  to  alloy  after  long  drawing.  I  observed- 
no  effects  of  this  kind,  however,  possibly  because  the  metallic  surfaces,  in  case  of 
base  metals,  are  not  sufficiently  clean. 
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Table  41. — Dimensions  of  copper  cap  War g  tubes. 


No. 

Weight. 

Length. 

Thick- 
ness. 

Caliber. 

Volume 

per  cm. 

0- 

em. 

cm. 

cm. 

cc. 

1 

5.81 

81.  5 

0.119 

0.063 

0.  0031 

2 

5.39 

95.  0 

0. 103 

0.050 

0.  0020 

3 

10.81 

144.  0 

0. 123 

0.066 

0.  0034 

4 

4.74 

67.6 

0.  119 

0.064 

0. 0032 

5 

7.34 

105.6 

0.118 

0.062 

0.  0031 

6 

7.07 

108.  2 

0.119 

0.069 

0.  0037 

7 

2.99 

101.7 

0.077 

0.041 

0.  0013 

Among  these  No.  7,  a  very  perfect  tube,  is  most  remarkable.  The 
tubes  were  made  in  February,  1884. 

Since  that  time  I  was  fortunate  in  inducing  the  Malvern  Platinum 
Works  to  undertake  the  manufacture  of  such  tubing  in  silver  and  plati- 
num. With  the  latter  metal  they  succeeded  well,  and  the  dimensions 
of  samples  of  the  (platinum)  tubing  made  for  me  are  given  in  Table  42. 


Table  42. — Dimensions  of  platinum  capillary  tubing. 


No. 

Weight. 

Length. 

Thick- 
ness. 

Caliber. 

Volume 
per  cm. 

9- 

cm. 

cm. 

cm. 

cc. 

1 

9.02 

51.  0 

0.115 

0.  0524 

0.  00215 

2 

7.25 

42.6 

0.115 

560 

246 

3 

7.07 

41.  5 

0.115 

561 

247 

4 

7.62 

44.4 

0.115 

553 

240 

These  tubes  may  be  obtained  in  any  length  not  exceeding  5  meters.  It 
is  usually  sufficient  to  use  meter  lengths  only,  cleaning  each  thoroughly 
with  naphtha,  alkalies,  and  acids;  passing  capillary  iron  wire  quite 
through  the  tube,  drying,  and  then  heating  to  redness  before  inserting. 
The  use  of  capillary  tubes  presupposes  slow  rise  and  fall  of  temperature 
during  calibration.  To  this  end  my  furnaces  have  been  constructed, 
rhe  data  of  Tables  41  and  42  will  appear  more  striking  when  placed  in 
contrast  with  the  capacities  of  the  bulb  and  stem  of  the  porcelain  gas 
:hermometer.     These  are  300cc  and  0.012cc  per  centimeter,  respectively. 

Kundt  has  successfully  used  capillary  glass  tubes  drawn  out  so  thin 
is  to  be  filamentary. 

Platinum  capillary  tubes  (the  present  being  the  first  ever  made,  I 
jelieve)  are  an  especially  useful  apparatus  and  subserve  many  ulterior 
purposes.  They  are  used,  in  chap.  V,  for  instance,  as  an  essential  part  of 
ftie  transpiration. thermometer,  and  to  investigate  the  laws  of  transpira- 
:ion  and  gas  viscosity  at  high  temperatures. 

Porcelain  gas-thermometer  bulbs. — Various  forms  of  gas-thermometer 
3ulbs,  as  given  in  Figs.  31,  32,  and  33,  drawn  to  a  scale  of  J,  were  used. 
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They  were  made  by  Morlent  freres,  Paris1  (formerly  Mr.  Gosse,  the 
original  constructor  of  the  Deville  and  Troost  apparatus),  of  the  very 
refractory  porcelain  of  Bayeux.    Fig.  31  is  the  earliest  form.    Bulb  and 


Fig.  31.  Non-inglazed  spherical  air  thermometer  bulb.     Scale  \. 

stem  are  one  piece,  put  together  by  the  maker.  The  fractured  bulbs 
show  that  the  ballon  proper,  to  within  a  radius  of  lcm  of  the  neck  [d  d, 
Fig.  4),  and  the  stem  with  attached  neck  (b  d  a  d),  were  made  separately, 
and  then  put  together  by  a  skilled  artist.  After  burning  no  disconti- 
nuity of  porcelain  at  the  circle  of  junction  is  visible.  The  glazed  gas- 
thermometer  is  perfectly  smooth  on  the  outside,  and  a  longitudinal  sec- 
tion differs  in  no  essential  respect  from  Fig.  31. 

In  consequence  of  the  long  capillary  stem  (0.1cm  in  diameter)  it  is 
exceedingly  difficult  to  glaze  these  thermometers  internally  or  to  keep 
the  stems  from  choking  when  the  temperatures  are  high  enough  to 
soften  the  glaze.  For  this  reason  the  bulbs  are  furnished  without  being 
glazed  internally — an  error  when  data  of  high  temperature  are  to  be 
sharply  measured.  I  add  here  that  on  fracture  the  stems  very  fre- 
quently reveal  clefts  and  lateral  fissures  communicating  with  the  canal, 
I  believe  that  a  more  compact  stem  could  be  made  in  the  manner  de- 
scribed above  (p.  95)  for  the  manufacture  of  porcelain  insulators  for  the 
thermo-element.  M.  Gosse  pressed  his  stems  in  a  long  mold  over  aj 
core  of  zinc  wire.  The  latter  is  melted  and  volatilized  during  the  firing ; 
but  in  spite  of  its  ingenuity  this  method  is  imperfect,  for  the  capillary 
canals  made  in  this  way,  in  addition  to  their  liability  to  retain  lateral 
fissures,  are  seldom  perfectly  central  along  the  whole  length  of  stem. 
In  case  of  a  stem  made  by  my  method  this  result  necessarily  follows 
whenever  the  apparatus  has  once  been  adjusted. 

In  Table  43  some  values  of  the  mean  dimensions,  etc.,  of  the  bulbs  (Fig. 
31)  are  given.  They  are  the  results  of  mercury  or  water  calibrations, 
of  which  for  accurate  measurements  the  water  calibrations  are  prefera- 
ble.   Mercury  does  not  so  easily  enter  the  fine  fissures. 

1 1  also  had  similar  bulbs  made  iu  Berlin,  and  will  communicate  results  obtained 
witb  tbem  later. 
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Table  4:3. — Capacity,  etc.,  of  porcelain  gas-thermometer  bulbs. 


No. 

2 
3 

Bulb. 

Stem. 

Equatorial     <,flean 

Capacity. 

Length. 

Thick- 
ness. 

Mean 
caliber. 

Volume 
per  cm. 

cm.                cm. 
9                  0.  27 
9                   0.26 

cc. 

300,  0 
307.4 

cm. 

40 
40 

cm. 

0.8 
0.8 

cm. 

0.122 

cc. 
0.  0116 

Probably  owing  to  difficulties  in  burning  tbe  polar  diameter  is  usually 
slightly  less  than  the  equatorial  diameter. 

To  use  this  bulb  for  calibration  it  is  necessary  to  have  a  space  of  very 
constant  temperature,  for  the  indications  of  the  thermoelement  are  in- 
stantaneous, and  refer  only  to  the  little  space  immediately  surrounding 
the  thermo-electric  junction,  whereas  the  gas  thermometer  passes  rela- 
tively slowly  from  one  temperature  to  another,  and  the  temperature 
datum  refers  to  the  internal  mean  temperature  of  the  whole  exposed 
surface.  These  differences  of  character  in  the  respective  temperature  in- 
dications may,  of  course,  be  seriously  large.  They  are  entirely  arbitrary. 
With  the  object  of  eliminating  these  errors  I  had  a  bulb  made  in  the 
shape  of  Eig.  32,  the  bottom  of  which  is  reentrant,  forming  a  cylindri- 
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Fig.  32.  Non-inglazecl  re-entrant  air  thermometer  bulb.    Scale  \. 

cal  tube,  n  m,  the  closed  end  m  of  which  projects  inward  as  far  as  the 
center  of  the  bulb.  It  is  into  this  tube  that  the  properly  insulated 
thermoelement  is  introduced  with  its  junction  at  m.  The  insulators 
are  sufficiently  large  to  practically  close  the  tube  n  m  as  with  a  plug,  by 
which  loss  of  heat  by  radiation  is  made  imperceptible.  The  tempera- 
ture of  the  thermo-element  and  of  the  gas  thermometer  may  therefore 
be  regarded  identical.  I  add  that  the  stem  of  the  form  (Fig.  32)  is  thicker 
than  the  stem  in  Fig.  31,  in  order  that  at  high  temperatures  there  may 
be  less  liability  to  bending,  supposing  the  thermometer  to  be  held  in  a 
horizontal  position  and  the  stem  to  be  slightly  viscous.     The  widening 
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of  the  stem  does  not  seriously  increase  the  value  of  the  stem  error 
by  increasing  the  number  of  interstitial  pores,  as  will  be  seen.  In  this 
re-entrant  bulb  symmetry  of  form  has  been  sacrificed  in  order  that 
greater  identity  in  the  exposure  of  the  air  thermometer  and  of  the 
thermocouple  may  be  secured.  Deville  and  Troost  emphasize  the 
desirability  of  spherical  bulbs.  But  the  expansion  error  is  beyond 
question  less  serious  than  the  calibration  error,  due  to  inequalities  of 
temperature  of  bulb  and  thermo-electric  junction. 

The  pressure  which  bulbs  of  this  kind  can  withstand  at  high  red  heat 
(1,000°)  without  deforming  appreciably  is  certainly  greater  than  am 
atmosphere,  probably  much  more.  Bulbs  in  which  water  is  confined 
explode  at  high  temperature  with  detonation  and  great  violence. 

The  results  obtained  with  these  forms  of  internally  unglazed  gas 
thermometers  are  called  in  question  by  Deville  and  Troost.  Doubtless 
gas  or  moisture  is  forcibly  retained  in  the  pores  of  the  porcelain.  Hence 
the  amount  of  gas  in  the  bulb  at  low  temperatures  may  be  greater  tham 
the  pressure  datum  indicates.  Again,  in  the  constant-pressure  method! 
of  measurement  the  volume  of  the  bulb,  an  essential  part  of  the  argument 
of  the  formula,  can  not  be  sharply  defined.  Hence  the  great  desirability 
of  performing  the  measurements  with  bulbs  of  porcelain,  glazed, 
thoroughly  both  within  and  without.     Such  a  form  is  given  in  Fig.  33. . 


Fig.  33.  Inglazed  spherical  air  thermometer  bulb.    Scale  h 

Bulb  c  d  ~k  and  stem  e  b  are  here  distinct  parts.  They  are  calibrated 
separately,  and  prior  to  using  are  soldered  together  with  feldspar  andfl 
the  oxy  hydrogen  blow-pipe.  The  bulb  c  d  Tc  ends  in  a  short  neck,  cdr  sX 
the  part  re*  being  just  large  enough  to  receive  the  stem  ef  snugly. J 
The  canal  c d,  through  which  the  bulb  is  glazed,  eventually  becomes' 
the  prolongation  of  the  capillary  canal  of  the  stem. 

Soldering  together  the  bulb  and  stem  is  a  difficult  operation,  and  rails 
for  much  skill  and  patience  on  the  part  of  the  operator.     The  bulbs  are  j 
liable  to  breakage,  and  it  is  difficult  so  to  solder  the  stem  that  the  joint  j 
may  be  hermetically  sealed.    I  therefore  feel  justified  in  describing  a 
machine  of  my  own,  by  which  such  soldering  can  be  effected. 
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Machine  for  soldering  porcelain.—  The  elevation  (Fig.  34)  is  largely  in 
section,  the  cuts  being  taken  through  central  planes  of  the  apparatus, 
as  will  readily  be  understood  by  consulting  the  plan  (Fig.  35).  I  give  the 
drawing  in  a  scale  of  ■&.     The  soldering  machine  consists  essentially  of 


t  whirling-table,  of  which  A  B  is  the  large  pulley  and  G  D  the  spindle. 
Che  two  wheels  are  connected  by  round  leather  belting,  which  can  be 
ightened  at  pleasure  by  a  screw  adjustment,  E  F.    The  spindle  axle 
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carries  the  gas  thermometer  bulb  H  G  to  be  soldered  to  the  stem  L  K. 
The  two  parallel  plates  of  brass,  MM,  NN,  held  at  any  desirable  dis- 
tance apart  by  three  bolts,  b  a,  subserve  the  purpose  of  securing  the 
bulb  G  R  firmly  and  symmetrically  with  respect  to  the  axis  of  rotation. 

It  is  easily  seen  that  the  two  plates 
M  M  and  N  N  make  with  the  bulb 
G  H  a  joint  that  is  practically  of 
the  ball-and-socket  kind,  hence  the 
facility  of  adjustment.     A  lateral) 
arm,  0  P,  clamped  to  the  fixed  up- 
right rod  Q  R,  holds  the  stem  K  L\ 
in  position  during  the  rotation,  the 
latter  passing  through  a  little  ring 
at  P.     Another  lateral  arm,  TJ  TA 
similarly  clamped  to  the  rod  Q  R  j 
carries  the  adjustable  lime  furnace,  j 
i     This  is  a  rectangular  parallelopi- 1 
2      pedon  sawed  out  of  a  solid  piece  of  j 
k      lime,  provided  with  a  large  central  j 
g      perforation  passing  quite  through 
*     the  block  for  the  reception  of  the 
|      neck  and  lower  stem  of  the  gas-  j 
£      thermometer;  provided  also  with  a  J 
J     smaller  lateral  perforation  passing 
I      only  far  enough   to  communicate ; 
1      with  the  central  hole.     This  block 

03 

0  of  lime  is  secured  between  two  par- 
|      allel  plates  of  iron  by  aid  of  three 

1  bolts,  two  of  which   only   appear 
in  the  figure.    The  plates  are,  of 

«      course,  ring-shaped,  to  correspond 
£      with  the  vertical  perforation  of  the 
lime  block,  aud  the  lower  plate  is 
riveted  to  the  lateral  arm  TJ  T.    To 
obviate  confusion  of  lines  the  lime 
furnace  is  omitted  in  the  plan  (Fig. 
35).    I  need  only  add  that  the  arms 
0  P  and  TJ  T  can  be  removed  afcl 
pleasure;  that  the  bulb,  with  its] 
lantern-like  support,  can  be  with- 
drawn   from    the    spindle  by  wvM 
clamping  the  screw  W;  that,  finally,  the  spindle  itself  is  adjustable  ; 
laterally  at  pleasure,  passing,  as  it  does,  between  two  slides,  XX  and 
¥  Y.    These  slides  are  kept  in  position  by  two  pairs  of  screws,  by  which, 
moreover,  the  slides  and  the  base  plate  of  the  spindle  may  be  forced  j 
firmly  in  contact  and  clamped. 
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Having  given  the  arrangement  of  the  rotational  apparatus,  I  have 

>  add  a  description  of  the  sliding  oxy hydrogen  blow-pipe.  The  blow- 
ipe  itself  is  shown  at  cd,  and  the  plan  contains  dotted  lines  showing 
le  construction  of  the  interior.  Hydrogen  from  the  gasometers  enters 
rrough  a  large  tubulure,  o,  fully  0.5""  in  diameter,  compressed  oxygen 
irough  a  finer  tubulure,  d,  the  jet  end  of  which  is  not  quite  0.08cm  in 
iameter.  This  blow-pipe  burns  quietly,  and  if  well  constructed  the 
ame  is  visibly  one  foot  in  length,  tapering  with  perfect  regularity  from 
le  large   diameter  0.5cm  to  a  point.    The  attachment   of   this  blow- 

pe  to  the  frame-work  which  carries  it  is  such  that  in  its  horizontal 
osition  the  flame  plays  through  the  lateral  hole  of  the  lime  furnace, 
ripinging  upon  the  neck  of  the  bulb  to  be  soldered.  The  collar  w,  into 
hich  the  blow-pipe  is  fastened  by  the  screw  e,  has  a  lateral  axis  or 
vivel,  in  virtue  of  which  the  blow-pipe  may  be  rotated  around  an  axis 
erpendicular  to  itself  (a  kind  of  trunnion),  and  clamped  at  any  given 
jgle  by  the  screw  h.  In  this  way  the  flame  may  be  made  to  impinge 
gainst  any  part  of  the  stem  or  neck  of  the  bulb  to  be  soldered,  at 
Measure.  The  sliding  arrangement  into  which  the  swivel  is  clamped 
msists  of  two  parts,  the  slide  proper,  #,  moving  freely  along  the  rod 
5  and  the  part  m,  which  is  practically  a  nut  of  the  male  screw  g  h.  The 
irts  q  and  m  can  be  joined  at  pleasure  by  aid  of  the  steel  pin  s  s  and 
^responding  clamp  screw.    If  the  latter  be  loosened  the  blow-pipe  may 

>  made  to  approach  the  air  thermometer  as  near  as  desirable.  The 
rew  g  h  ends  in  a  wheel,  i  i,  rotated  by  a  belt,  which  passes  over  the 
wer  spindle  of  the  pulley-wheel  A  B.  An  axle,  Jc  ft,  carries  two  inde- 
mdeut  rollers,  by  which  the  direction  of  the  belt  is  changed.  In  this 
ay  the  screw  is  kept  in  motion  to  correspond  with  the  rotation  of  the 
r-thermometer  bulb. 

When  the  flame  is  lit  and  the  soldering  commenced,  the  blow-pipe  car- 
ige  is  placed  as  near  as  practicable  to  the  end  h  of  the  screw.  As  the 
tation  continues  the  flame  gradually  approaches  the  air  thermometer, 
id  the  heat  is  therefore  intensified  with  perfect  regularity.  Inasmuch  as 
e  flame  impinges  on  the  neck  while  in  a  state  of  rotation,  it  is  quite 
>vious  that  the  liability  to  fracture  or  breakage  is  by  this  device  di- 
inished  to  a  minimum.  I  add  that  to  prevent  interferences  the 
read  at  the  end  of  the  screw  g  h  has  been  cut  away,  so  that  when  the 
it  m  is  near  these  end  points  there  may  be  no  further  tendency  to 
[>ve.  An  intermediate  rod,  r  r,  and  a  sliding  piece,  e  t,  increases  the 
sadiness  of  motion.  The  carriage  as  a  whole  is  supported  by  two  up- 
hts,  JVand  Z  Z. 

The  feldspar  to  be  used  for  .soldering  is  to  be  ground  most  carefully 
an  impalpable  powder  and  mixed  with  mucilage  or  water  to  a  plastic 
pasty  consistency.  This  is  spread  uniformly  around  the  neck  of  the 
lb,  so  as  to  form  a  ring  where  the  edge  of  the  neck  shoulders  against 
e  stem.  It  is  then  allowed  to  dry.  Stem  and  neck  should  fit  snugly 
>m  the  outset ;  at  least  all  waste  space  should  be  calked  with  feldspar. 
Bull.  54 12  (831) 
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It  is  perhaps  best  to  commence  the  heating  with  the  lime  furnace  r< 
moved,  sliding  it  above  the  neck.  When  the  parts  are  white  hot  an 
the  frothing  has  largely  ceased,  it  is  expedient  to  conduct  the  fur  the 
soldering  by  hand  directly,  the  blow-pipe  being  for  this  purposj 
manipulated  by  the  right  hand  and  the  spindle  turned  suitably  wit ; 
the  left.  Care  must  betaken  not  to  melt  the  porcelain.  The  heat  m 
however,  sufficient  to  make  porcelain  quite  viscous,  aud  not  only  cay 
the  stem  be  bent,  but  the  parts  of  the  neck  of  the  bulb  surrounding  thi 
lower  end  of  the  stem  may  be  pressed  firmly  against  it,  producing 
weld  joint,  as  it  were.  I  have  no  doubt  that  porcelain  can  actually  bi 
welded  in  this  way.  Flat  steel  pliers,  which  if  necessary  may  be  notche 
by  a  cylindrical  hole  which  tits  closely  around  the  neck,  are  closer 
quickly  but  firmly  around  the  neck  and  then  quickly  withdrawn,  ro» 
tion  of  the  bulb  being  temporarily  discontinued.  The  operation  call 
for  skilled  manipulation.  Indeed,  it  is  not  easy  to  make  a  vacuum 
proof  joint,  and  samples  neat  in  external  appearance  have  frequent!,! 
to  be  duplicated.  It  is  essential  to  keep  the  whole  neck  at  white  heq; 
a  long  time  in  order  that  its  inner  surface  and  the  outer  surface  of  th 
stem  may  be  everywhere  in  contact.  It  is  at  this  stage  of  the  operation 
that  the  lime  furnace  may  be  appropriately  lowered,  and  the  finli 
gradual  coalescence  of  contiguous  parts  of  the  porcelain  apparatii 
allowed  to  take  place.  Two  oxyhydrogen  flames  impinging  on  the  paji 
celain  from  opposite  directions  are  preferable  to  a  single  flame  with  tql 
lime  furnace.  The  latter  is  essential,  however,  during  cooling.  Poi 
celain  is  specially  liable  to  crack  on  cooling  when  it  first  becomes  rigid 
Hence  it  is  expedient,  after  withdrawing  the  flame,  to  close  up  the  fui 
nace  as  far  as  possible  with  asbestus  board  and  carded  asbestus,  anj 
then  to  bury  the  whole  furnace  above  the  plate  mm  in  a  heap  of  slackej 
lime.  But  with  the  best  precautions  the  feldspar  is  found  to  be  fissure* 
after  cooling,  and  unless  bulb  and  stem  have  thoroughly  coalesced  ani 
the  joint  be  perfect  at  the  internal  faces,  the  apparatus  will  not  tj 
vacuum-proof.  It  is  well  to  fuse  feldspar  upon  the  end  of  the  stei 
around  the  hole.  To  keep  this  hole  opposite  the  capillary  hole  in  thj 
neck  a  thick  platinum  tube  or  wire  may  be  thrust  through  both.  Ij 
this  case  the  neck  of  the  bulb  may  be  quite  filled  with  the  slimy  felq 
spar  paste,  and  the  stem  then  forced  into  it  from  above,  keeping  tlu 
capillary  platinum  tube  in  place.  The  feldspar  which  exudes  is  pal 
tially  removed,  and  the  bulb  then  allowed  to  dry.  This  process  givd 
greater  assurance  that  soldering  will  take  place  between  the  inner  sin 
face  of  the  neck  and  the  end  of  the  stem  than  any  other.  I  may  add,  il 
closing,  that  I  have  repeatedly  tried  to  make  air  thermometers  in  whic) 
a  capillary  platinum  tube  is  soldered  into  the  stem  with  a  glaze  rnorj 
fusible  than  feldspar.  I  have  also  attempted  to  glaze  single-piece  aj 
thermometers,  like  Fig.  31,  internally,  as  well  as  to  solder  platinua 
tubes  into  the  stem.  Although  these  attempts  have  thus  far  failed,  1 
is  but  just  to  assert  that  the  failures  are  due  rather  to  the  insufficient 
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clinical  skill  of  the  operator  than  to  crucial  errors  of  method.  I  hope 
an  early  day  to  produce  a  porcelain  air  thermometer  made  in  one 
ece,  glazed  within  and  without,  and  provided  with  a  tight-fitting  cap- 
ary  platinum  stem.  I  also  hope  to  make  bulbs  of  fire  clay,  suitably 
azcd  without,  apparatus  which  will  be  available  for  the  measurement 
temperature  very  much  beyond  the  highest  limit  of  the  porcelain 
ermometer.  The  soldered  air  thermometer  presupposes  low-pressure 
easurements,  such  as  this  paper  describes. 

Bulbs  which  are  not  perfectly  tight  may  sometimes  be  closed  by  heat- 
g  in  a  large  furnace  with  glaze.  I  have  used  the  one  described  below 
r  this  purpose.  This  process,  however,  is  difficult  and  expensive,  even 
low  pressure  is  applied  to  suck  the  glaze  into  the  capillary  fissures  and 
nals.  It  is  best  to  endeavor  to  complete  the  soldering  with  the  oxy- 
drogen  flame,  testing  the  quality  of  the  joint  with  the  air-pump  after 
e  bulb  is  again  cold. 

It  is  well  to  insert  a  word  here  about  gasometers.  I  used  the  simple 
-m  of  sheet  zinc  bell -jar  G  G  G  G  (Fig.  35a),  dipping  in  a  reservoir  of 


H. 
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Fig.  35a.  Gasometers.    Scale  j\. 

ter,  1 1  m  m.  The  bell-jar  is  provided  with  a  guide,  n  n,  and  a  conn- 
poise,  K.  The  level  of  the  water  is  shown  at  1 1.  Gasometers  of  this 
id  are  well  known,  and  are  furnished  by  Ritchie  &  Co.,  in  Boston, 
purpose  in  this  place  is  to  indicate  the  great  advantage  gained  by 
o  stop-cocks,  B,  0,  for  each  jar,  G  G,  G  G;  for  in  this  way  any  number 
single  jars  may  be  coupled  together.     In  Fig.  35a,  for  instance,  the 
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stop-cock  B  is  supposed  to  be  in  communication  with  the  hydrogu 
generator 5  the  stop-cocks  G  and  D  are  connected  by  rubber  tubiu  \ 
the  stop-cock  E,  finally,  supplies  the  hydrogen  to  the  blow-pipe,  wi  i 
which  it  is  in  communication.  The  advantage  gained  in  this  way 
this,  that  the  hydrogen  may  be  generated  and  used  at  the  same  time- 
a  desideratum  when  large  quantities  of  the  gas  are  necessary. 

Revolving  muffle. — In  order  that  the  temperature  comparisons  in  que 
tion  may  be  satisfactorily  made,  the  apparatus  to  be  compared  must  1 
placed  in  a  space  of  practically  constant  temperature,  which  shall  1 
variable  at  pleasure  from  ordinary  temperatures  to  the. most  extren 
degrees  of  white  heat.  Methods  for  securing  constant  temperatures  f< 
thermo-electric  comparisons  have  already  been  given;  but  when  one  t 
the  pieces  of  apparatus  to  be  heated  is  as  large  as  the  bulb  of  an  a 
thermometer,  and  when,  moreover,  this  relatively  large  apparatus  is  i 
be  compared  with  the  sensitive  point  of  the  thermo-element,  the  dif 
culties  of  calibration  are  very  much  increased.  In  some  of  the  earJ 
comparisons  the  efficient  assay  muffle-furnace  made  by  the  Buffa! 
Dental  Manufacturing  Company  was  used.  This  is  practically  a  g 
gautic  Bunsen  burner,  surmounted  by  a  furnace  of  fire-clay,  so  coi 
structed  that  the  flame  in  a  narrow  sheet  is  compelled  to  pass  aroun 
and  completely  to  envelop  the  muffle.  In  the  furnace  used  this  mufifj 
was  fully  20cm  long  and  12,m  high,  offering  ample  space  for  the  iutroduj 
tion  of  the  bull),  and  by  wrapping  asbestus  paper  and  carded  asbestr 
thickly  around  the  bulb  so  as  quite  to  fill  the  muffle,  and  binding  miirE 
and  thermoelement  closely  together,  the  two  may  be  compared  wit 
some  accuracy.     Eesults  of  this  kind  are  given  below  (p.  201.) 

Unfortunately  the  introduction  of  metal  envelopes  is  objectionable,  j 
view  of  the  danger  of  fluxing  the  contiguous  parts  of  refractory  claj 
There  are  other  and  more  serious  difficulties  encountered.  The  maxim ui 
temperature  thus  attainable  is  not  greater  than  1,000°,  and  hence  the  ii 
terval  of  calibration  is  limited.  Moreover,  the  closed  end  of  the  muflj 
is  at  the  center  of  heat  of  the  furnace,  whereas  the  open  end  is  neitln 
surrounded  by  flame  nor  are  the  provisions  against  loss  of  heat  sufl 
cient  for  constant  temperature — conditions  which  recommend  the  fu| 
nace  for  assay  purposes,  but  which,  inasmuch  as  they  involve  diffe 
ences  of  temperature  of  several  hundred  degrees,  are  seriously  obj] 
tionable  for  calibration  purposes.  Again,  the  rate  of  cooling  of  tn| 
furnace  is  too  great.  It  is  difficult  to  close  up  so  completely  as 
exclude  convective  cooling  due  to  currents  of  air  and  diminish  loi 
by  radiation,- the  bottom  of  the  furnace  over  the  burner  being  larj 
open,  and  inaccessible,  and  the  chimney  large.  Nor  is  it  convenient] 
possible  to  regulate  the  flame  of  the  burner  for  intensities  of  heat  lej 
than  the  maximum.  Finally,  thermo  elements  mast  be  compared  singly 
because  they  need  to  be  tied  to  the  bulb.  In  general  consecutive  cori 
parisons  of  series  of  elements  are  desired. 

Without  question  the  form  of  the  furnace  could  be  modified  to  ina 
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3  special  requirements  of  the  calibration  problem,  excepting,  of  course, 
3  limited  scope  of  temperature ;  but  it  is  expedient  to  proceed  more 
lically  and  introduce  an  entirely  new  and  distinct  furnace  for  the  pur. 
ses  in  question.  This  I  have  done  in  a  way  indicated  in  plan  in 
3  diagrammatic  Fig.  30.  The  body  of  the  furnace  is  a  thick  cylin- 
leal  box,  B  B,  surmounted  by  a  hemispherical  lid  suitably  perforated, 
this  cylindrical  inclosuie  a  spherical  muffle,  provided  with  hollow 
eral  arms  or  axles,  E  and  F,  and  placed  symmetrically  with  respect 
the  center  of  figure  of  the  furnace,  is  free  to  rotate  around  the  hori- 
atal  axis  of  the  arms.  If  the  rate  of  rotation  be  sufficient  this  mech- 
ism  insures  constancy  of  temperature  within  the  muffle  around  the 
rizontal  E  F.  Two  blast  burners,  G  and  E,  purposely  placed  tangen- 
lly  or  diagonally,  so  as  to  be  equivalent  to  a  couple,  blow  a  cyclone 
flame  into  this  furnace,  equalizing  temperature  around  the  central 
'tical.     Virtually  therefore  the  muffle,  regarded  as  a  geometrical 


36a.  Elliptic  revolving  muffle;  diagram. 


Fig.  36.  Revolving  mnfflo ;  diagram. 


ere,  has  two  rotations,  one  about  an  axis,  E  F,  a  second  around  the 
tical,  passing  through  0.    To  make  this  apparatus  theoretically  per- 
a  third  rotation  around  an  axis  passing  through  0  and  perpendic- 
p  to  E  F  would  have  to  be  supplied.    This  third  rotation  is  a  mechan- 
impossibility,  bearing  always  in  mind  that  cumbersome  or  compli- 
ed apparatus  would  rather  detract  from  the  end  to  be  attained  than 
to  it.     The  two  rotations  can  be  made  to  suffice.     In  the  spherical 
ce  of  constant  temperature  thus  obtained  is  placed  the  bulb  of  the 
thermometer,  with  its  stem  x^rojecting  into  and  through  the  arm  F- 
center  of  bulb  and  that  of  muffle  as  nearly  as  possible  coincide, 
bulb  is  held  in  position  and  free  from  the  muffle  by  a  clamp  attached 
tern  on  the  outside  of  the  furnace.     The  thermo-element  is  intro- 
ed  through  the  opposite  arm  E  in  such  a  way  that  the  junction  may 
contiguous  with  the  air  thermometer.     The  insulating  tubulure  is 
supported  by  a  clamp  on  the  outside  of  the  furnace.     It  is  an  essen- 
part  of  the  construction  of  the  present  apparatus  that  during  rota- 
the  muffle  touches  neither  the  air  thermometer  nor  the  thermo- 
lent,  both  of  which  apparatus  are  stationary,  and  suspended  quite 
from  all  parts  of  the  furnace. 

aving  thus  indicated  the  general  principles  of  the  constant  temper- 
'e  apparatus,  I  shall  next  describe  the  practical  form  of  this  fur- 
i,  which,  after  many  trials,  has  been  found  satisfactorily  serviceable. 
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This  is  given  in  front  elevation  and  longitudinal  section  in  Fig.  37  an 
in  side  elevation  in  Fig.  38,  respectively,  drawn  one-fourth  and  one-ha 
tbe  actual  size.  The  body  of  the  furnace  is  shown  at  B  B  B  B,  a  thicl 
walled  cylindrical  pot,  surmounted  by  a  hemispherical  dome,  A  A  J 
the  lid  of  the  furnace.  A  central  hole  at  A'  and  a  series  of  six  syrr 
metric  lateral  holes,  a  a,  a  a,  .  .  .in  the  lid  are  sufficient  for  the  escap 
of  the  products  of  combustion. 

The  burners  HRHH  and  G  G  G  G  project  into  the  furnace  as  far  a 
the  inner  surface.  Their  diagonal  position  is  well  shown  in  the  sid 
elevation  (Fig.  38)  and  their  internal  construction  in  the  longitudim 
section  of  Fig.  37.  Compressed  air  from  a  centrifugal  blower,  run  by 
one  horse-power  gas  engine,  enters  the  central  tubes  li  h  and  gg1  resped 
ively.  The  inlets  of  gas  are  shown  at  c  and  c'.  Attached  to  the  boi 
torn  of  the  burners  are  rectangular  slides  II  and  K K,  respectively 
which  pass  through  guides  L  L  and  ill  if.  In  this  way  the  burners  ca 
be  easily  inserted  or  withdrawn  from  the  furnace.  A  little  pin,  I 
prevents  their  being  inserted  too  far  into  the  interior,  and  a  simila 
longer  pin  or  roller,  e,  is  so  adjusted  as  to  rest  the  greater  part  or  th 
whole  of  their  weight  upon  the  bed  plate  S  #,  instead  of  on  the  friabl 
mass  of  the  furnace.  The  burners  shown  in  the  figure  were  constructe 
entirely  of  gas  pipe,  and  the  disposition  of  parts  is  such  as  suggeste 
itself  after  many  trials.  Burners  in  which  back  explosion  is  obviate 
by  surrounding  tbe  mouths  with  a  sieve  or  net- work  of  iron  wire  (as  i 
the  case  in  some  of  Fletcher's  apparatus)  are  thoroughly  unsatisfactory 
These  sieves  obstruct  the  blast  and  are  not  as  much  a  safeguard  again^ 
back  explosions  as  is  necessary  in  an  apparatus,  where  constancy,  or  a 
least  very  uni?orm  variation  of  temperature,  is  the  requisite.  In  th 
blower  of  Fig.  37  the  blast  tube  h  h  extends  to  within  an  inch  of  the  moutS 
of  the  burner.  The  column  of  gas  surrounds  this  tube.  With  the  fuj 
current  of  air  sent  through  the  furnace  the  gas  may  therefore  be  a 
nearly  cut  off  as  is  at  all  desirable,  or  it  may  be  quite  cut  off  withon 
incurring  any  risk  of  explosion,  either  in  the  blower  or  in  the  burne] 
I  may  add  that  the  tubes  c  c  and  &  &  for  gas  supply  should  both  pohj 
toward  the  more  accessible  side  of  the  furnace,  and  there  coinmiiiiicatj 
with  graduated  stop-cocks,  such  as  are  furnished  by  the  Buffalo  Dents 
Company.  For  the  furnace  above  half-inch  supply-cocks  are  sufficienl 
The  centrifugal  blower  which  I  used  was  of  rather  a  smaller  form  thanl 
usual  in  tbe  market,  being  only  about  eleven  inches  in  diameter  and  whj 
paddles  scarcely  two  and  a  half  inches  wide.  It  was  taken  from  a  porl 
able  forge.  Doubtless  even  a  smaller  blower,  i.  e.,  a  narrower  blowei 
would  have  been  desirable,  so  that  the  power  of  the  engine  may  b 
spent  in  furnishing  pressure  of  blast  rather  than  quantity  of  air.  Th 
smallest  form  of  Boot  blower  (blacksmith's  model)  and  larger  forms! 
centrifugal  blower  had  therefore  to  be  discarded,  for  with  the  availabl 
power  the  blast  obtained  proved  to  be  too  large  in  quantity  and  ta 
small  in  intensity.    In  the  Boot  blower,  moreover,  tbe  flame  obtains 
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s  intermittent,  and  in  this  respect  objectionable.  It  will  be  well  to 
state  that  the  flame  issuing  at  the  mouth  of  the  burner  when  the  blast 
s  cut  off  (a  great  torch  fully  two  feet  in  length)  is  reduced  to  a  blue 
one  scarcely  eight  inches  in  length  for  the  maximum  supply  of  gas. 
Placed  in  the  •  position  given  the  burners  during  the  heating  do  not 
nelt,  but  merely  grow  red  hot  at  the  mouth,  and  the  oxidation  is 

minimum,  because  the  general  tendency  is  to  reduce.  It  is  well, 
lowever,  to  attach  a  reservoir  of  water 'behind  the  furnace  and  to  tap 
t  through  lead  piping  and  small  faucets,  so  as  to  fall  drop  by  drop 
ipon  the  burners  and  thus  prevent  all  possibility  of  superheating.  In 
ione  of  my  experiments  did  ferruginous  fluxing  of  the  furnace  body 
)ccur.  I  found  in  the  experiments  that  to  secure  the  maximum  tem- 
>erature  desirable  (say  1,400°),  it  was  not  necessary  to  open  the  half- 
uch  clear-way  cocks  more  than  one-third.  From  this  downward  the 
ntensity  may  be  diminished  to  the  merest  ribbon  of  flame,  sending  in 
eality  only  a  vortex  of  hot  air  through  the  furnace.  Indeed  this  ad- 
ust ment  is  very  satisfactory,  so  that  with  an  accurately  graduated 
ire  attached  to  the  cocks  it  is  possible,  after  the  necessary  preliminary 
neasurements  have  been  made,  to  open  it  in  such  a  way  as  to  strike 
^ny  given  temperature  with  some  nicety.  The  cupola  A  A,  which  can 
>e  lifted  off  from  the  body  B  B,  along  the  plane  A  A,  emphasized  in  Fig. 
18,  has  a  suitable  handle  arrangement  attached  to  it,  which  is  omitted 
n  the  figure. 

Having  thus  given  a  furnace  which  can  be  heated  to  any  reasonable 
legree  of  temperature  with  extreme  ease  and  convenience,  I  proceed 
ext  with  the  description  of  the  revolving  muffle.  The  muffle  proper 
s  shown  at  E  G  D  F,  in  Fig.  37,  and  consists  of  two  identical  halves 
f  refractory  fire-clay,  each  of  which  is  a  hemisphere  with  two  dia- 
aetrically  opposite  guttered  arms.  The  two  halves  are  placed  together, 
rith  their  plane  faces  contiguous,  but  without  cement.  They  are  held 
ogether  by  surrounding  their  ends  with  appropriate  collars  of  iron, 
VN  N  N  and  N'  N'  N'  N',  the  outer  edges  of  which  are  widely  flanged. 
?hese  flanges,  P  P  and  P'  P',  are  turned  circularly,  with  their  circum- 
ferences carefully  beveled,  so  as  to  fit  nicely  into  the  grooves  of  two 
iairs  of  friction-rollers,  Q  Q  and  Q'  Qf,  of  which  E  E  and  E'  E'  are 
he  respective  axes.  Here  I  may  well  say  that  it  is  difficult  to  bake 
he  muffle  in  such  a  way  that  the  plane  faces  are  not  warped.  More- 
ver,  the  two  tubes,  when  placed  together,  show  rather  an  elliptic  ring- 
haped  section  than  a  circular  one,  as  is  represented,  with  a  little  ex- 
aggeration perhaps,  at  //,  Fig.  38.  But  this  irregularity  furnishes  an 
xceedingly  satisfactory  way  of  fastening  the  muffle  into  the  collar. 
<"or  if  the  width  of  the  bore  be  so  chosen  as  to  fit  snugly  on  the  major 
iiameter  of  the  axle  of  the  muffle,  a  flat  i/-\)-shaped  spring  of 'steel  may 
^e  inserted  in  each  narrow  space  between  axle  and  collar,  against  the 
»ulge  of  which  (spring)  set-screws  1 1  t  t,  sunk  into  an  equatorial  rib 
f  the  collar,  press  as  firmly  as  is  permissible;  or  this  space  may  be 
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filled  with  fitting  knife  edged  blades  of  steel,  or  with  asbestus  board, 
against  which  the  screws  t  press.  All  of  these  methods  are  good. 
Even  when  tbe  temperature  is  so  high  as  to  fuse  the  inner  surface  of 
the  collar  the  screws  t  can  be  worked  loose  with  a  drop  of  oil  or  petro- 
leum, and  after  removal  show  no  serious  injury.  It  is  not  easy  to  fit 
the  axle  of  the  muffle  into  the  iron  collar,  because  the  silicious  material 
does  not  yield  easily  to  the  file.  It  may,  however,  be  ground  on  a  grind- 
stone, or,  with  greater  advantage,  by  filing  it  with  a  piece  of  its  own, 
substance. 

Having  thus  shown  how  to  fasten  the  collars  symmetrically,  and  at) 
such  a  distance  apart  that  the  opposed  flanges  may  fit  in  the  grooves  on 
tbe  opposed  rollers  Q,  Q  and  Q',  Q',  it  is  next  in  order  to  describe  the; 
adjustment  of  tbe  rollers  themselves.  Their  axles,  R,  R,  R',  R',  are! 
mounted  at  suitable  distances  apart  on  a  rectangular  rod  of  cast-iron, j 
u  u,  provided  with  a  handle  of  wood,  W.  The  rods  u  u,  u'  u'  again! 
are  each  adjustably  fastened  to  Y  shaped  uprights  Y,  Y,  Y,  Y,1  and  Y',j 
Y',  Y',  Y'  by  aid  of  strong  screws  T7,  V.  Loosening  For  V  tbe  rod! 
u  u  or  u'  u'  may  be  raised  or  lowered  or  rotated  around  the  center  of 
V  or  V  and  clamped  in  any  desired  position.  It  is  in  this  way  that  the! 
inner  edge  of  the  collars  N  N  N  JV,  N'  N'  N'  N'  may  be  nicely  adjusted] 
with  reference  to  the  lateral  shouldered  holes  of  the  furnace  through] 
which  the  axle  of  the  muffle  projects.  Rotation  therefore  takes  placei 
on  tbe  friction  rollers,  in  which  the  wheel  or  flange  P  P  rolls  smoothly.] 
It  will  be  seen  that  some  such  arrangement  as  this  is  essential,  for  the 
rolling  parts  must  be  placed  so  far  away  from  the  hot  parts  that  tbeyj 
may  be  lubricated.  At  very  high  temperatures  the  muffle  becomes 
more  or  less  viscous,  and  hence  it  is  necessary  to  obviate  all  such  ten-j 
dencies  to  twist  or  wrench  off  the  axles  as  an  imperfectly  oiled  mecban-; 
ism  constantly  presents.  There  is  one  further  adjustment  to  be  made: 
After  the  firing  neither  do  the  axles  of  the  muffles  coincide  in  prolonga 
tion,  nor  are  the  axes  of  the  cylinders  straight  lines.  Hence  the  axle 
of  the  rollers  R  R,  R' R'  are  long  cylindrical  rods  along  which  the 
rollers  Q  Q  Q  Q  may  slide  laterally,  their  extreme  positions  being  fixed, 
by  four  adjustable  set-screw  collars  x,  x,  x',  x'. 

To  revolve  tbe  muffle  a  belt  pulley  of  wood  Z  Z  has  been  screwed  to 
the  flange-wheel  P'  at  a  little  distance  from  it.  Over  this  passes  round- 
leather  belting,  and  the  power  is  communicated  by  a  correspond! ng 
pulley  on  a  lateral  shaft  of  the  engine.  The  wooden  belt-ring  Z  Z  is  far 
enough  away  from  the  hot  parts  to  escape  being  charred.  The  belt  J 
however,  must  be  provided  with  a  tightener. 

1  The  uprights  were  given  tbe  Y-shaped  form  to  prevent  the  possibility  of  Literal, 
slipping  of  the  muffle.  In  later  experiments  I  found  this  safeguard  unnecessary,  .so 
that  a  simple  Hat  upright,  with  a  vertical  slot  opening  upward  to  admit  the  screws 
V,  V,  is  far  preferable.  In  other  words,  the  uprights  in  the  figure  are  to  be  sawed 
off  square  above  the  slot.  By  this  means  greater  facility  of  adjustment  is  secured; 
wheu  the  collar  is  to  be  fitted  to  the  axle  of  the  muffle  or  removed  from  it. 
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Finally,  the  figure  shows  the  air  thermometer//  Jc  i  e  in  position,  sup- 
►orted  by  the  universal  clamp  m  m  attached  to  the  vertical  rod  q  q.  A 
imilar  universal  clamp,  n  n,  on  the  opposite  side  of  the  furnace  supports 
he  insulator  of  the  thermo-element  1c  h.  The  clamp  n  n  attached  to  the 
od  r  should  be  a  spring,  so  that  elements  may  easily  be  either  inserted 
»r  withdrawn.  The  ends  of  the  wires  of  the  thermo-couple  appear  at 
y  and  fi  and  pass  thence  to  a  petroleum  bath  of  known  temperature, 
vmere  they  are  suitably  connected  (page  — )  with  the  terminals  of  the 
neasuring  apparatus.  The  junction  of  the  thermo  element  is  in  contact 
ither  with  the  external  surface  or  with  the  closed  end  of  the  re-entrant 
ube,  according  to  the  form  of  porcelain  bulb  selected.  Of  this  further 
aention  will  be  made.  It  is  here  in  place  to  state  the  method  of  inserti- 
ng the  air  thermometer,  a  method  which  must  be  convenient  and  expe- 
litious.  Supposing  the  collars  N .  .  .  ,  Nf  .  .  .  to  be  removed  the  air  ther- 
Qometer  bulb  is  covered  properly  by  the  two  halves  of  the  muffle.  The 
ollars  themselves  are  completely  cut  through  on  one  side  by  a  slit  be- 
ween  two  nearly  contiguous  axial  planes,  which  slit  passes  through  the 
lange  P  P,  as  shown  at  s  n  in  Fig.  38,  as  well  as  through  the  body  of 
he  collar,  and  is  quite  large  enough  to  admit  the  capillary  platinum  tube 
f  the  air-thermometer.  This  slit  does  not  seriously  weaken  the  collar, 
trengthened  as  it  is  by  the  central  rib  into  which  the  screws  t  are  sunk, 
nd  by  the  flange  P  P.  In  this  way  the  collar  at  the  air-thermometer 
nd  of  the  muffle  may  be  slipped  on  quite  as  readily  as  the  other.  Hav- 
g  therefore  centered  the  muffle,  as  described  above,  it  is  then  easy  to 
x  and  center  the  air  thermometer,  so  that  it  may  be  quite  free  from 
ontact  with  the  muffle.  In  the  case  where  a  soldered  air-thermometer  of 
tie  form  Fig.  33  is  used,  a  muffle  of  an  axis  sufficiently  wide  to  accom- 
odate the  neck  must  be  used.  A  muffle  of  this  kind  is  given  in  see- 
on  in  the  diagram,  Fig.  36.  In  place  of  adjusting  the  muffle  it  is  often 
esirable  to  adjust  the  furnace.  This  may  be  done  by  four  set  screws, 
t  tt,  Fig.  38,  which  act  in  pairs  at  right  angles  to  each  other.  An  oil- 
ropper,  by  which  the  roller  Q  may  be  kept  lubricated,  is  a-  desirable 
ddition.  Some  such  nonessential  parts  are  omitted  in  the  figure  to 
revent  confusion  of  lines. 

Remarks  regarding  the  apparatus  and  manipulation. — Bearing  in  mind 
iat  this  furnace  is  as  nearly  as  is  practically  convenient  or  possible 
le  outcome  of  a  theoretical  principle  for  the  construction  of  constant- 
iinperature  apparatus,  that  all  manipulations  to  be  applied  may  be 
ade  safely  and  with  expedition,  it  is  well  to  summarize  the  advantage 
ained,  as  well  as  to  allude  to  such  others  as  are  easily  within  reach.  The 
laximuin  temperature  obtainable  is  indefinitely  high,  much  higher  than 
in  be  defined  by  porcelain  air-thermometer  measurements.  Any  other 
imperatives  below  this  extreme  value  can  be  obtained  with  requisite 
Dnstancy.  If  these  intermediate  temperatures  be  in  the  region  of  red 
eat  it  is  simply  necessary  to  diminish  the  supply  of  gas  by  partially 
losing  the  gauge  stop-cock.     If  the  temperatures  be  below  red  heat 
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the  gas  may  be  shut  off  altogether,  and  the  furnace  closed  by  shutting 
the  flue  holes  with  a  fireclay  plug  or  with  asbestus.  If  all  influx  of  air 
is  cut  off  the  furnace  (below  500°)  cools  very  slowly.  During  these 
stages  of  cooling  it  is  not  undesirable  to  continue  a  rotation  of  the  muf- 
fle at  a  rate  sufficiently  slow  to  prevent  currents  of  air  from  entering 
the  polar  parts  and  being  hurled  off  centrifugally  at  the  equatorial  parts 
of  the  muffle.  Here  it  is  well  to  mention  that  the  speed  of  rotation 
usually  employed  in  the  present  experiments  was  about  fifty  revolutions 
l>er  minute.  Possibly  this  rate  is  too  great,  particularly  at  very  high 
temperatures,  at  which  the  muffle  becomes  iucipiently  viscous,  and 
much  slower  rates  are  therefore  preferable.  Protected  from  direct  flame 
"by  the  muffle,  the  fragile  porcelain  bulbs  are  heated  with  great  regu- 
larity, and  the  liability  of  the  thermometer  to  breakage  is  therefore  nil. 

In  order  to  determine  the  constant  of  the  air  thermometer  (zero  read- 
ing) it  is  sufficient  to  place  a  mercury  normal  thermometer  in  contact 
with  the  bulb  (or  better  in  the  central  tube  of  the  re-entrant  bulb)  in 
the  cold  furnace  before  heating.  The  same  operation  must  be  repeated 
in  the  cold  furnace  after  heating.  The  difference  of  zero  readings  thus 
obtained  is  a  test  of  the  validity  of  measurement,  inasmuch  as  it  shows 
whether  during  the  course  of  the  comparisons  the  bulb  has  remained  of 
fixed  normal  volume  and  whether  air  or  gas  has  leaked  into  or  out  of 
the  air  thermometer.  The  mercury  thermometer  is  inserted  and  held  in 
position  by  the  same  spring-clamp  which,  during  calibration,  holds  the 
thermo-element.  In  the  form  of  bulb,  shown  in  Fig.  32,  to  which  most 
of  the  p resent  remarks  apply,  the  mercury  bulb  is  pushed  quite  into 
the  re-entrant  tube  and  an  identity  of  environment  of  mercury  and  air 
thermometers  is  thus  secured.  Of  course  it  is  more  nearly  accurate, 
though  less  convenient,  to  submerge  the  bulb  in  water  of  known  tem- 
perature in  order  to  get  the  zero  or  fixed  point.  All  this  will  be  discussed 
below. 

During  the  heating  of  the  furnace  to  white  heat,  the  hollow  axles, 
which  necessarily  lie  in  the  circumambient  sheet  of  flame,  are  heated 
more  easily  and  kept  at  a  greater  intensity  of  red  heat  than  the  body  oil 
the  muffle.     This  is  the  objectionable  feature,  due  to  the  absence  of  the* 
third  rotation  referred  to  on  page  182.     But  this  error,  thus  introduced, 
is  confined  to  a  small  part  of  the  stem  ;  it  does  not  extend  as  far  as  the] 
muffle,  in  the  interior  of  which,  moreover,  the  hot  air  is  churned  around! 
the  bulb  by  the  rotation;  its  harmful  effect  is  fully  obviated  by  the  use] 
of  the  re-entrant  bulb,  in  which  heat  is  communicated  to  the  therino- 
.electric  poiut  junction  through  the  surface  of  the  air-thermometer  bulb; 
it  is  entirely  absent  during  the  cooling  of  the  furnace,  conditions  under 
which  most  of  the  experiments  are  made.     Finally,  the  furnace  has  been 
so  made  that  the  zone  of  variable  temperature,  which  surrounds  the  stem 
of  the  thermometer,  is  as  narrow  as  possible  when  measured  along  the 
length  of  the  stem.     Indeed,  the  correction  to  be  applied  for  the  part  of 
the  porcelain  stem,  which  has  varying  temperature,  is  almost  nil.    If, 
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following  Deville  and  Troost,  a  compensator  is  used  to  correct  the  stem 
error,  this  apparatus  may  temporarily  replace  the  insulating  tubulure  of 
the  thermoelement. 

A  iinal  remark  must  be  added  with  reference  to  silicification1  of  plati- 
num. If  the  wires  of  the  thermoelement  be  in  contact  with  the  surface 
of  the  air  thermometer,  and  the  temperature  high  enough  to  make  the 
glaze  appreciably  viscous,  the  platinum  is  invariably  attacked  and  de- 
stroyed as  far^as  it  is  in  contact  with  the  glaze,  and  it  is  found  em- 
bedded in  it  after  cooling.  The  apparent  effect  is  fusion,  for  the  plati- 
num thus  silicified  fuses  at  a  temperature  below  that  of  the  glaze. 
Quite  aside  therefore  from  the  change  of  constants  silicified  platinum 
is  unavailable  for  high-temperature  measurement,  because  of  its  fusi- 
bility. Care  must  therefore  be  taken  to  avoid  unnecessary  contact  of 
the  thermo  electric  wires  with  the  glazed  bulb,  which  is  fortunately  feas- 
ible, because  the  operator  is  able  to  see  into  the  furnace  as  far  as  the 
air  thermometer  through  the  hollow  axle  at  the  side  of  the  muffle  on 
which  the  thermo-couple  is  inserted. 

One  great  advantage  enjoyed  in  using  the  present  furnace  is  this, 
that  even  in  case  of  extremely  high  temperatures  it  is  possible  to  ap- 
proach very  near  it  without  discomfort.  The  temperature  of  the  exterior 
Surface  does  not  exceed  300°,  and  may  be  even  further  reduced  by  ap- 
propriate jacketing  of  asbestus.  Hence  all  manipulations  near  the  fur- 
nace can  be  conducted  with  facility.  In  the  case  of  the  large  furnaces, 
described  in  Chapter  I,  the  radiation  from  the  furnace  is  intense,  and 
all  close  approach  to  it  is  difficult. 

A  sketch  of  a  revolving  muffle  for  the  comparison  of  two  air  ther- 
mometers, containing  either  two  distinct  gases,  or  the  same  gas  at  dif- 
ferent temperatures,  is  given  in  Fig.  3G«,  where  B  B  is  the  body  of  the 
furnace,  H,  G,  the  two  burners,  CD  the  revolving  muffle,  and  0  and  N 
the  two  air  densities  to  be  compared.  The  revolving  muffle  is  ellip- 
soidal in  shape,  and  the  appurtenances  are  the  same  as  those  described 
above.  The  stems  of  the  air  thermometers  project  at  m  and  m,  and 
capillary  tubes  connect  each  with  the  respective  manometer.  In  the 
comparison  of  air  thermometers  both  the  expansion  of  the  porcelain  and 
the  stem  error  compensate  each  other,  and  the  data  are  thus  as  accurate 
as  the  environments  are  identical. 

Finally,  I  desire  to  make  a  few  remarks  on  the  complete  disposition 
of  apparatus,  as  given  in  the  frontispiece.     The  lower  part  ot  the  figure 


lrriie  tendency  of  platinum  to  combine  with  silicon,  forming  very  fusible  products, 
has  long  been  known.  Tait,  endeavoring  to  use  a  bath  of  fused  silicates  tor  constant 
temperature,  found  the  platinum  wires,  wliicb  he  submerged  therein,  disintegrated. 
More  recently,  Colson  (C.  R.,  xciii,  1881,  p.  1074;  C.  R.,  xciv,  1882,  p.  2(5);  Violle 
(C.  R.,  xciv,  p.  28) ;  Pcniolet  (C.  R.,  xciv,  1882,  p.  99),  have  given  especial  prominence 
to  this  and  similar  phenomena.  In  these  eases  there  seems  to  he  a  diffusion  of  the 
solids  into  each  other,  and  the  melting  point  of  silicified  platinum  may  he  reduced  to 
That  of  glass.  I  have  often  found  platinum  wire  fused  on  or  even  embedded  in  the 
glaze  of  the  air-thermometer  bulb. 
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shows  the  position  of  the  one  horse-power  gas  engine,  to  the  left  of 
which  is  the  small  centrifugal  blower  and  to  the  right  the  bellows.  The 
latter  are  worked  by  a  short  crank  attached  to  the  axle  of  the  fly-wheel, 
and  the  blast  obtained  is  small  in  quantity  but  high  in  pressure.  The 
furnace-table  completely  surmounts  the  engine  and  carries  on  the  left 
side  (under  D)  a  series  of  three  or  more  small  furnaces,  resting  on  a 
special  table  of  their  own.  These  furnaces,  fed  by  gas  and  the  pressure- 
blast  of  air  from  the  bellows,  contain  crucibles  of  the  form  (Figs.  14  and 
15)  above,  and  ai»e  used  for  boiling-point  measurements.*  Thermoele- 
ments are  in  serted  from  below  and  held  in  position  by  a  suitable  clamp. 
Observations  and  manipulations  are  made  in  the  way  carefully  detailed 
in  Chapter  II.  On  the  right  side  of  the  furnace-table  (under  G)  is  fixed 
the  revolving  muffle-furnace,  the  parts  of  which  have  just  been  de- 
scribed, and  are  therefore  easily  recognized. 

Quite  to  the  right  of  the  engine  (under  B),  and  screened  from  it  by  a 
wide  board,  is  the  manometric  apparatus  of  the  air  thermometer  (cf. 
page  209,  below).  The  bulb  and  manometer  are  connected  by  a  platinum 
capillary  tube.  A  similar  platinum  tube  connects  the  compensator  with 
its  manometer.  Above  the  furnaces  is  an  iron  tube,  through  which  the 
small  furnaces  may  either  be  supplied  with  hydrogen  or  may  be  ex- 
hausted, as  desired,  the  other  end  of  this  tube  being  simply  attached  to  . 
appropriate  gasometric  apparatus. 

A  set  of  air-thermometer  bulbs  are  shown  on  a  little  shelf  under  A. 
The  two  vertical  bulbs  are  of  porcelain,  being  the  forms  Figs.  32  and  33 
above.    The  oblique  bulb  is  a  re-entrant  air  thermometer  of  glass. 

CONSTANT-VOLUME   THERMOMETER — METHOD   OF   CALCULATION. 

The  general  equation. — It  has  already  been  suggested  that  it  is  expe- 
dient to  choose  such  methods  of  thermometry  in  which  the  degree  of 
constancy  of  the  zero  reading  before  and  after  the  high-temperature  cali- 
bration may  afford  a  guaranty  of  the  reliable  character  of  the  results 
obtained.  This  test  can  well  be  applied  when  the  constant  volume 
method  is  used.  If  the  work  be  done  with  low  pressures  (<1  atmos- 
phere) it  is  also  possible  to  adjust  the  quantity  of  air  that  at  such  tem- 
peratures at  which  porcelain  tends  to  become  viscous  the  tension  of  the 
inclosed  heated  gas  may  approach  that  of  the  atmosphere. 

The  most  general  expression  for  the  variables  involved  in  any  case  of 
air  thermometry  may  be  rigorously  put 

^"('SS-'SSXH <" 

where  F,  V,  Y"  .  .  .  are  zero  volumes  whose  special  temperatures  are 
T,  T',  T"  .  .  .  for  the  pressure  IT,  and  £,  t',  t"  .  .  .  for  the  pressure  h, 
where  A  is  proportional  to  the  excess  of  volume  at  Tover  that  of  the 
fixed  mass  of  gas  at  t,  and  where  a  is  the  coefficient  of  expansion  of  the 
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gas  and  fi  the  coefficient  of  cubical  expansion  of  bulb,  stem,  etc.  The 
equation  assumes  that  the  gas  is  perfect  and  that  the  bulb  expands  pro- 
portionally to  its  temperature.  The  equation  is  sufficient  for  the  calcu- 
lation of  any  one  of  the  variables  involved,  supposing  all  the  others  to 
be  known.     In  the  method  of  constant  volume,  A=0. 

In  high-temperature  measurement  there  are  at  least  three  parts  of 
the  air  thermometer  to  be  considered.  The  first  of  these  is  the  hot  re- 
gion, and  includes  the  bulb  and  the  part  of  the  stem  at  the  same  tem- 
perature; the  second  is  the  part  of  the  stem  in  which  temperature  varies 
from  the  high  value  to  that  of  the  atmosphere;  the  third  is  the  part  in 
which  the  temperature  is  practically  that  of  the  atmosphere,  and  it  in- 
cludes the  cold  part  of  the  porcelain  stem,  the  capillary  tubes,  and  the 
space  of  cold  air  above  the  meniscus  of  mercury.  The  whole  of  this 
may  be  appropriately  called  the  cold  part  of  the  stem.  It  is  obvious 
that  the  corrections  to  be  applied  are  specially  important  when  the  tem- 
peratures of  the  bulb  are  high  and  the  air  is  employed  originally  under 
small  pressure.  It  is  therefore  expedient  to  derive  the  rigorous  expres- 
sion for  temperature  in  terms  of  all  the  variables  involved,  and  from 
this  to  derive  a  safe  practical  form  by  simplification. 

The  full  expression  in  question  introduces  variables  which  may  be 
symmetrically  put  as  follows : 


h 

H 

V 

a 

t 

T 

V 

fi 

V 

T 

v" 

t" 

r£;i 

where  h  is  the  tension  of  the  gas  at  the  lower  tehiperature,  t  of  the 
bulb,  and  V  and  t"  of  the  variable  aud  cold  parts  of  the  stem  ;  where  H 
is  the  tension  of  the  gas  at  the  high  temperature,  T,  of  the  bulb,  and  T' 
and  T'-  of  the  variable  and  cold  parts  of  the  stem  ;  where  v  is  the  vol- 
ume of  the  bulb  and  hot  stem,  v'  the  volume  of  the  variable  stem,  and 
v'  the  volume  of  the  cold  stem,  all  at  zeio  degrees;  where  or,  finally,  is 
the  coefficient  of  expansion  of  the  gas,  and  /i  the  coefficient  of  expan- 
sion of  porcelain.  The  relation  between  these  variables  may  then  be 
rigorously  expressed  by  the  formula 

,'-'%g+T!KO}fg;-',':£ fr*"   „, 

11  TJ-^t ~2j L » \    T+ZF "  h l  +  ZPjj 

Jriiere  the  symbol  2  denotes  that  similar  expressions  occur  additively 

or  each  — , — , —  .  .  .  ,  to  be  considered,  two  of  which,  however,  have 

xmmi  deemed  sufficient. 
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The  equation  simplified. — To  simplify  this  formula  we  replace  h  -.  ~T     . 

by  h0y  or  the  tension  which  would  be  observed  if  the  bulb  were  placed 
in  melting  snow.     Equation  (1)  then  becomes,  after  solving  for  T, 

H-ho  +  2 
aho  —  pH—a2      '     '     '    ■ \** 

where  2  stands  for  the  whole  bracket  [  ]  of  equation  (1).  This  equation 
is  still  rigorous,  but  it  is  very  inconvenient  for  calculation.  An  equally 
rigorous  but  much  more  serviceable  form  is  obtained  by  introducing  T 
into  the  corrective  member  coefficiented  by  2".  In  this  way  equation  (3) 
results 

H-K     ["1,1+  ocT    -| 

a  form  which  is  still  rigorous,  but  may  be  conveniently  used  in  practice 
with  any  desirable  degree  of  approximation,  as  will  presently  appear. 
In  equation  (3)  2  has  the  form 

v' 
which  may  be  further  simplified.    Fortunately  -  is  very  small,  for  the 

mean  temperature  T'  is  only  determinable  with  rough  approximation. 

I  will  define  r'  by  the  equation 

i 

1  +  aT'         1  +  at'       v  1  +  ar  v  ' 

and  then  use  t  in  a  simplified  form  of  2.  In  the  second  term  of  the 
form  (4)  T"  =  t"  very  nearly.  If,  finally,  H—h0  and  H—h  be  regarded 
identical,  equation  (3)  reduces  finally  to  the  approximate  practical  form 

1-ah0-pH[_l  +  {L+al\vl+aT'+Tl  +  at?'JJ         " {] 

in  which  the  terms  J3r'  and  fit"  may  also  be  neglected,  as  is  obvious  a^ 
once. 

Error  of  the  approximation. — It  next  becomes  necessary  to  determine 
the  numerical  importance  of  the  approximation  just  made,  viz,  the 
approximation  in  equation  (5),  and  furthermore  T"=t"y  R—h0=H—h, 
l-\-/3r'=l+flt"=l  in  the  correctives.  It  also  is  necessary  to  investi- 
gate the  effect  of  the  individual  variables  of  measurement  on  the  result. 
Regarding  the  quantity  H—h  it  is  obvious  that  its  value  will  be  at  once 
H—h0  when  the  bulb  is  surrounded  by  melting  snow,  as  is  usual.     To 
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obtain  the  value  of  the  other  approximations  1  refer  to  Tables  41,  42, 
and  43  for  the  capacities  of  bulbs  and  stems.  Moreover,  an  inspection 
of  Fig".  37  shows  that  the  40'"  of  stem  and  150cra  of  capillary  tube  may 
be  subdivided  into  parts,  of  which  the  first  5cm  of  stem  nearest  the  bulb 
have  the  temperature  T  of  the  bulb,  and  the  25""  of  stem,  which  project 
out  of  the  furnace,  together  with  the  capillary  tubes  and  spaces,  have 
the  temperature  t"  of  the  air.  The  intermediate  10cm  of  stem  have  a 
varying  temperature  between  T  and  t",  the  mean  value  of  which  has 
been  symbolized  by  r".  Hence  the  following  volumes  v,  v'  v"  occur  in 
the  correctives : 


v  =  300™  (Table  43) 

v'  =0.0116x10  =0.110  (Table  43) 

v"=  f  stem,  0.011G  x  25  )              (Table  43) 

I  copper-cap  tube,  100x0.0034  (Table  41) 

\  platinum-cap  tube,  50x0.0025  1=1.27  (Table  42) 

I  meniscus,  0.4  x  1.22 

[glass  cock,  0.2x0.13  \ 

whence  it  appears  that 


!L  =0.00039 

v 


—=0.00423. 

v 


With  these  data  in  hand  it  is  expedient  to  return  to  formula  (6),  with 


;he  object  of  disposing  of  the  corrective  k' =(!-{- xT) 
aiming  for  a  moment  that  t'=JT,  there  follows 

Table  44. 


V'l  +  fif* 

V   1  + 


ar'f 


As- 


T 

k' 

o 

100 

500 

1,000 

1,500 

0. 00045 
0. 00057 
0.  00063 
0.  00067 

lence  the  error  x'  is  less  than  1  :  1000,  and  it  follows  reasonably  that 

'  may  be  replaced  by  \T  without  affecting  the  result  more  than  T^ff 

v"  1-4-  fit" 
>er  cent.    The  second  corrective  K,/=(l4-aT)  —  ~  '    ,,  is  of  greater 

v   ^       J  v    \+at"  & 

onsequence,  and   must  be  carefully  evaluated  in  each  experiment. 

^he  practical   method   consists   in  calculating  an  auxiliary  table  of 

ouble  entry  for  k  '+k",  in  which  the  arguments  are  T  and  t".     T  in 

uch  a  table  is  to  vary  by  successive  steps  of  100°  each,  t"  in  steps  of 

0°.     From  this  table,  computed  once  for  all,  the  corrective  for  any 

alue  of  Tand  i"  may  easily  be  taken  by  graphic  or  linear  interpola- 
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Hon.     By  way  of  example,  the  following  data  for  k'+k",  taken  froiuj 
tables  of  the  kind  in  question,  may  here  be  inserted  : 

Table  45.—  Values  of  n' -\-n"  for  divers  T  and  t". 


T= 

100° 

500° 

1,000° 

1,500° 

V  =.  20° 
t"  =  30° 

0. 0060 
0. 0058 
0. 0057 

0.0121 

0.0117 
0.  0114 

0. 0197 
0.0191 
0. 0185 

0. 0272 
0. 0263 
0. 0255 

This  table  shows  at  once  that  if  T"  and  t"  differ  by  only  a  few  degrees,! 
the  effect  on  the  result  will  be  less  than  t|q  of  one  per  cent,  per  degrea 
of  difference  of  T",  and  t"<  Now,  the  walls  of  the  furnace  were  pur-i 
posely  chosen  thick.  They  are  well  jacketed,  and  it  is  therefore  possible] 
to  screen  off  the  radiation  from  the  "  cold"  25cm  of  stem  entirely.  The] 
use  of  capillary  tubes  of  metal  enables  the  operator  to  place  the  manom-j 
eter  at  some  distance  from  the  furnace  and  in  an  environment  of  con^ 
stant  temperature.  The  high  furnace  table  conduces  to  this  purpose,] 
since  the  mercury  apparatus  may  be  expediently  placed  below  and  oi 
one  side  of  the  furnace  plane,  quite  screened  from  it  by  the  table. 
Hence  the  approximation  I"=zt"  involves  no  greater  error  than  a  fe^ 
hundredths  of  one  per  cent. 

From  these  considerations  the  practical  convenience  of  equation  (6), 
when  many  values  of  Tare  to  be  reduced,  appears  at  once.  T  computec 
simply  as  (H—h0)  (ahn—fSH)  is  in  the  extreme  case  within  3  per  cent 
of  the  correct  result.  By  introducing  this  value  into  the  corrective 
h'+h"  the  effect  on  the  result  (T)  is  in  the  extreme  cases  less  than  Tfj 
of  one  per  cent.     Having  therefore  calculated  a  table  of  double  entry  foi 


H'+x"={l  +  aT) 


«  1+4 


v"  l  +  fit1 


1  +  a 


T  '  v     1  +  at" 

2 


.     .     (7) 


of  which  the  variables  are  T  and  t"  in  the  manner  suggested,  the  ap- 
proximate value  Ti=(H—h„)  (ah0—/3H)  may  be  corrected  at  once.  II 
is  in  the  interest  of  expeditious  calculation  moreover  to  compute  i 
smaller  table  for  fSR.  Mention  has  been  made  that  h0  is  a  mean  value 
of  measurements  made  before  and  after  the  calibration. 

Compensator. — This  is  an  ingenious  device  of  MM.  Deville  and  Troost, 
by  which  the  stem  error  may  be  corrected  directly.  A  second  stem 
closed  at  one  end,  but  otherwise  identical  in  diameter,  length,  caliber, 
etc.,  with  the  stem  of  the  air  thermometer,  is  exposed  simultaneously 
with  it.  The  two  stems  are  placed  contiguously  and  so  as  to  be  in  tli 
same  environment.     MM,  Peville  and  Troost,  using  volumetric  methods, 
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haust  the  air  from  the  closed  auxiliary  stein  by  means  of  a  Sprengei 
nip.  The  correction  follows  from  the  measured  amount  of  air  ex- 
usted.  I  have  used  the  compensator  advantageously  in  the  constant, 
lume  method  by  connecting  it  with  a  special  small  manometer  of  its 
'n.  The  principle  for  the  reduction  of  the  measurements,  by  means 
this  apparatus  follows  easily  when  it  is  remembered  that  the  cotn- 
nsator  is  in  the  practical  instance  an  air  thermometer,  the  volume  of 
e  bulb  of  which  is  zero.  Applying  therefore  the  general  equation 
)  above,  1  have  at  once  for  the  air  thermometer 

v(HK—hk)+v'{EK,—hW)+v"{HK"—hW')=0     ....     (8) 

id  for  the  compensator 

v'(H1K'-h1]c')+v"{H1K"-h1Tc")=0     ....     (9) 

tiere  Hi  and  h{  are  the  tensions  which  correspond  in  the  compensator 
II  and  h  of  the  air  thermometer,  and  where  K,K',  .  .  .  and  A;,  A/,  .  .  . 
e  abbreviations  for  the  functions 

1+aT9    l+aTn    '  1  +  otf'    1  +  at1 

qjectively.     If  the  first  equation  be  multiplied  by  HA  and  the  second 
JET  and  the  resulting  equations  be  then  divided  by  vHi  there  follows 

(HK^hJc)+(^R-^-h^~¥+^¥f\==0    .     .     .     (10) 

id  since  Jc,=Jc,/  very  nearly 

(HK-hl-)^(H^~h)]cfV^±^-=0     .     .     .     (11) 

V        ±Li  J  V 

r  which,  with  an  error  less  than  0.2  per  cent,  at  2,000°,  T  may  be 
duced  as  follows : 


T— 

a-/i 


1      *       \_H_      _  v \  JI}     eJ\] 

[_El — —\-HrHj h  ] 


>,re  the  variable  temperature  T  is  eliminated. 

By  the  use  of  the  compensator  the  discrepancies  due  to  porosity 
porcelain,  to  fissures  aud  other  irregularities,  may  be  partially  obvi- 
h1.  It  may  be  made  to  subserve  another  important  purpose,  viz,  to 
sasure  v'+v",  the  true  volume  of  the  stem  and  capillary  connec- 
ts. To  do  this  it  is  merely  necessary  to  connect  the  compensator 
th  the  manometer,  as  has  been  explained  with  reference  to  the  air 
3rmometer,  in  such  a  way,  however,  that  the  variable  space  above  the 
Bull.  54 — -13  (847) 
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upper  meniscus  of  the  manometer  (see  Fig.  30)  may  be  read  off  in  cubiq 
centimeters.  The  volume  v0  in  question  is  then  at  once  determinable 
volumetrically.  For  if  p'  and  7?"  be  the  tensions  corresponding  to  th^ 
volumes  Vo+v'  and  v0-\-v"  for  the  same  mass  of  air,  under  constant 
temperature,  then 

p'v' — p"v" 


>v 


p"  —p' 


The  apparatus  actually  used  was  a  burette  of  50cc  capacity,  reading! 
to  within  0.1CC,  and  which  had  been  carefully  calibrated.  The  lowei 
end  of  this  was  connected  with  the  flexible  hose  of  the  manometer,  thl 
upper  end  with  the  platinum  capillary  tubes  leading  to  the  stem.  B^ 
aid  of  an  interposed  stop-cock  (see  page  170)  the  quantity  of  air  in  this 
system  of  tubes  could  be  varied  at  pleasure.  In  the  table  following  J 
give  the  results  obtained,  from  which  the  general  character  of  thli 
measurement  may  be  learned,  v  and  p  are  the  corresponding  values 
v'  and  p'  or  v"  andjp",  respectively,  and  v0  the  zero  volume  of  this  se) 
of  canals  above  the  fiducial  mark.  "  Length  "  and  "  Diameter"  refer  t4 
the  porcelain  stem : 

Table  46. — Compensator  volumetry. 


No. 

V 

P 

vo 

Length. 

Diam. 

Remarks. 

cc. 

crn.  Hg. 

cc. 

cm. 

cm. 

a 

0.30 

77.49 

1.7 

0.8 

The  repetition  of  this  series 
leads    to    practically  the 

same  result. 

2.30 

38.98 

a 

0.70 
3.50 

66.94 
30.32 

1.6 

0.8 

a 

1.05 
5.  53 

57.40 

22.  27 

1.8 

0.8 

a 

1.57 
9.00 

48.21 
15.42 

1.9 

0.8 

a 

0.27 
16.50 

76.46 
8.31 

1.7 

0.8 

b 

0.30 
15.  40 

76.50 
15.48 

3.45 

32 

0.8 

b 

0.50 
15.40 

75. 16 
15.60 

3.40 

32 

0.8 

1 

0. 12 
3.  05 

75.40 
30.  65 

2.35 

40 

0.8 

0.40 

68.69 

2.28 

40 

0.8 

3.  09 

30.78 

6.00 

31.13 

2.39 

40 

0.8 

Hew  adjustment. 

1.02 

76.  59 

8.62 

23.99 

2.  43 

40 

0.8 

1.03 

76.59 

3.85 

32.  75 

2.03 

36 

0.8 

Do. 

0.48 

76.65 

0.58 

76.03 

1.91 

36 

0.8 

4.28 

30.  57 

(848) 
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;  No. 

V 

P- 

vo 

Length. 

Diam. 

Remarks. 

cc. 

cm.  Hg. 

cc. 

nil. 

cm. 

2 

0.32 
4.40 

70.02 
28.80 

2.  20 

40 

0.8 

4.50 

28.87 

2.16 

40 

0.8 

0.30 

78.13 

3 

0.85 
4.45 

75.85 
28.44 

1.31 

40 

1.0 

5.44 

24.80 

1.47 

40 

1.0 

0.65 

81.05 

4 

5.20 
L20 

29.  66 

70.  20 

1.20 

40 

1.0 

1.20 

79. 12 

1.21 

40 

1.0 

8.23 

20. 16 

0.30 

53.89 

1.00 

40 

1.0 

New  adjustment. 

3.44 

16.28 

3.50 

16.39 

1.11 

40 

1.0 

0.22 

56.  85 

3.54 

31.  37 

1.16 

40 

1.0 

Do. 

0.80 

75. 13 

1.C5 

38.23 

0.55 

Platinum    capillary    tubes 
and  glass  stop-cock,  with- 

out porcelain  stem. 

0.52 

78.55 

2.15 

30.68 

0.52 

0.52 

78.61 

0.13 

76.17 

0.52 

Platinum    capillary    tubes 
and  glass  stopcock,  wi<  h 
out  porcelain  stem  ;   new 
adjustment. 

1.82 

21.19 

0.20 

69.54 

0.49 

1.60 

23.03 

3.35 
1.10 

31.85 
75.82 

0.53 

Do. 

The  errors  in  these  results  are  about  0.1CC,  aud  they  are  easily  re- 
ferred to  microscopic  leaks,  to  variations  of  temperature,  and  to  the 
possible  occurrence  of  moisture  in- the  stems. 

From  these  data  it  appears,  moreover,  that  the  internal  volume  of 
;tems  0.8cm  thick  is  not  necessarily  smaller  than  the  internal  volume  of 
>tems  1.0cm  thick.  Hence  the  observed  differences  of  volume  between 
he  divers  stems  are  largely  due  to  internal  fissures,  such  as  can  not  be 
letected,  except  by  breaking  the  stems.  It  is  interesting  to  note  that 
he  volumes  measured  volumetrically  are  not  more  than  twice  as  large 
is  those  measured  by  weight  calibration.  Hence  the  superior  limit  of 
he  errors  in  Tables  44  and  45  is  not  more  than  double  the  values  there 
jiven. 

Errors  of  measurement  in  general. — The  degree  of  absolute  accuracy 


v' 
vith  which  the  divers  quantities  h0,  H,  a,  /?,     , 

(849) 
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order  that  the  effect  on  Tmay  not  exceed  1  :  1000  follows  easily  from  th< 
equation  of  errors 

dx      T 


S.r= 


(IT  1000 


(1- 


From  this  the  following  six  special  equatums  result,  equations  whic 
are  approximate  and  put  in  such  forms  as  may  best  facilitate  the  co 
putation : 

a— ft  1000 


6h  _     /.   [«-/?(l+«T)]»    T 
^■"^  (^S)(i+«T) 1000 


1000  .  « 


(14 


1000  a.  (1+aT) 


v'  \ 
vVy      1000  .  Kl+aT, 


l+'ajT  1 •___ 

+fi£T       1000  .{1+aT) 


(15 
(16 
(17 
(18 


If  into  these  equations  we  introduce  //0=16cm,  the  value  which  obtains 
in  most  of  the  examples  below ;  if,  moreover,  ^==0.00367  and  //=0.000017 
^//=L>0°,  then  formulae  (13)  to  (18)  lead  to  the  following  tabular  compar 
ison.  In  the  table  both  the  absolute  values  of  the  errors  o7i0,  SR,  6/3 
V 


S  (  —  J,  6(  —-  ),  which  give  rise  to  an  error  of  T/1000  in  the  result 

/  v'  \  lv'  /  'V1'  \  l'Vn 

as  well  as  the  relative  errors  dfi//3,  3  (       )/    ,  and  6  (  — -  )/ 
computed  for  a  series  of  values  of  T. 


are  fall 


Table  47. — Comparison  of  divers  errors  which  effect,  the  result  by  1  :  1000. 


r 

T 

iho 

SH 

<5j3xl06 

«(v)xl0- 

<)*io« 

/3 

v' 

V 

«-       i 

V 

v" 

V 

0 

cm. 

cm. 

100 

-0.  004 

0.006 

2.6L 

860 

780 

0.150 

2.2 

0.184 

500 

-0.010 

0.028 

1.27 

680' 

380 

0.074 

1.7 

0.089 

1,000 

-0.012 

0.056 

0.75 

610 

230 

0.044 

1.6 

0.054 

1,500 

-0.013 

0.083 

0.53 

580 

170 

0.031 

1.5 

0.039 

Inasmuch  as  h()  must  be  measured  to  0.01""  it  is  quite  obvious  that 
corroborative  readings  before  and  after  heating  are  essential,  and  tha 

(850) 


^us.1  PORCELAIN    AIR    THERMOMETRY.  107 

lie  air  thermometer  during  the  intermediate  measurements  must  be 
erfectly  tight.  Since  the  error  decreases  proportionally  to  h0,  the 
dditional  accuracy  of  greater  zero  tensions  does  not  compensate  the 
urtful  effect  of  high  internal  pressures  at  high  temperature.  Hence 
)w  pressures  are  preferable.  Regarding  H,  it  appears  that  rise  or  fall 
f  temperature  must  not  be  so  rapid  that  the  retardation  due  to  flow 
f  gas  through  the  capillary  tubes  maintain  greater  differences  of  press- 
re  than  0.03cm  to  0.08,m  of  mercury.  A  good  cathetometer  presup- 
osed,  it  is  not  difficult  to  measure  both  h0  and  H  with  the  accuracy  here 
ailed  for. 

Under  most  favorable  circumstances  the  error  of  Tis  as  large  as  the 
rror  of  a,  a  result  which  equation  (15)  approximately  shows.  The 
alue  chosen,  0.003665,  is  RegnaultV  constant- volume  value,  and  has 
een  found  experimentally  for  the  interval  0°  to  100°.  The  use  of  the 
ime  coefficient  for  temperature  indefinitely  high  and  for  all  tensions2 
;  to  some  extent  arbitrary.  The  error  thence  resulting  may  be  esti- 
tated  at  as  much  as  oue-half  of  one  per  cent.  The  convenience  with 
inch  the  constant  pressure  method  is  available  for  measurements 
ith  gas  differing  widely  in  normal  density  is  one  of  its  most  valuable 
atures.  The  desideratum  of  an  elliptic  revolving  muffle  for  the  com- 
irison  of  the  gas  thermometer  data  of  different  gases,  when  the  tem- 
srature  of  the  same  environment  is  measured,  has  been  suggested. 
The  unusually  small  coefficient  of  cubical  expansion  /?=0.00001(5  to 
000017,  which  MM.  Deville  and  Troost  found  for  the  porcelain  of  Bay- 
ix,  makes  the  necessary  accuracy  of  the  coefficient  ft  sufficiently  at- 
Inable.  The  table  shows  that  even  in  extreme  cases,  T=  1,500°,  an 
ror  of  3  per  cent,  in  ft  is  not  serious,  while  the  expansion  coefficients 
'  the  metal  and  glass  parts  of  the  air  thermometer  need  not  be  dis- 
iguished  from  ft,  because  these  parts  are  almost  negligible  here.  This 
ceptionally  small  value  of/?  is,  however,  only  admissible  in  the  case 

thermometers  which  have  frequently  been  heated.  In  the  case  of 
sw  thermometers  these  desirable  qualities  are  vitiated  by  the  occur- 
nce  of  permanent  expansion  for  each  heating.  In  comparison  with 
this  permanent  expansion  (permanent  diminution  of  density)  is  un- 
jrtunately  enormously  large,  aggregating  in  the  first  six  heatings,  for 

tance,  as  much  as  1.5  per  cent.  Whenever  temperature  increases 
o  rapidly  the  temperature,  and  hence  also  the  volume  of  the  bulb,  is 

ger  than  corresponds  to  the  mean  temperature  of  the  gas.     The  re- 

rse  of  this  takes  place  on  cooling. 

Conformably  with  the  numerical  results  on  page  197,  Table  47  shows 

at  —  may  be  affected  bv  an  error  of  almost  twice  its  own  magnitude 

v 
thout  seriously  bearing  on  T,  even  in  unfavorable  cases.     The  impor- 

aceof  — ,  however,  increases  rapidly  as  T  increases,  and  must  in  un- 

v         ' 

1  Regnault:  Memoires  de  l'Insfr.,  vol.  21, 1847,  p.  91 ;  ibid.,  p.  110. 

2  Cf.  Literary  Digest,  pp.  36-38. 
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favorable  cases  be  known  within  4  per  cent.     These  results  are  also; 
in  keeping  with  Table  45,  above.     Fortunately  it  is  feasible  to  measure 

v" 
-  with  the  accuracy  here  required,  as  well  as  to  sufficiently  exclude 

the  effect  of  temperature. 

A  careful  survey  of  the  sources  of  error  just  discussed  shows  how  ex< 
ceedingly  difficult  the  measurement  of  high  temperatures,  with  an  accuj 
racy  of  1  :  1000,  really  is.  Quite  aside  from  these  discrepancies  and  the 
arbitrariness  of  a  and  /?,  the  lag  error,  the  environment  error,  the  moistj 
ure  error,  the  error  due  to  the  permeability  of  porcelain  and  to  diffusion 
of  some  gases  through  it,  and  the  error  of  unknown  flaws,  have  yet  to  bd 
discussed.  In  the  face  of  these  serious  difficulties  I  was  therefore  pleased 
to  find  that  greater  harmony  prevails  in  the  established  data  for  higa 
temperatures  than  there  was  reason  to  anticipate  at  the  outset.  I  maj 
state  here  that  a  more  rigorous  discussion  of  errors  is  to  be  made  iiij 
treating  the  constant-pressure  method,  since  this  method  is  very  muca 
better  adapted  for  high- temperature  measurement  than  the  presenl 
one.  I  will  (p.  228)  give  the  methods  of  allowing  for  all  arbitrary  errori 
and  such  as  are  not  considered  here. 

CONSTANT-VOLUME   THERMOMETER — EXPERIMENTAL   RESULTS. 


Earlier  results. — The  measurements  were  commenced  with  the  forms 
of  bulb  shown  above  in  Fig.  32.  These  bulbs  are  not  glazed  internally} 
but  consisting  Of  but  a  single  piece  they  can  be  manipulated  witJ 
greater  facility  than  the  others,  in  which  soldering  must  precede  tn 
temperature  measurement.  To  obtain  some  idea  of  the  availability  m 
the  unglazed  bulbs,  I  made  a  number  of  measurements  of  the  boiling 
point  of  water.  Examples  of  the  results  obtained  are  given  in  Table 
48,  in  which  H  and  h0  are  the  tension  of  the  air  at  100°  and  at  0°« 
centimeters  of  mercury.  It  is  to  be  remarked  that  h0  is  here  directl$ 
obtained  by  surrounding  the  bulbs  with  melting  snow  for  many  hours. 
By  way  of  comparison,  the  same  temperature  T  is  also  measured  by» 
glass  air  thermometer. 

Table  48. — Moisture  error  of  unglazed  bulbs. 


Xo. 

ho 

M 

T 

Remarks. 

Glass : 

cm. 

cm. 

cc. 

Xo.  1  .... 

76.70 

104.  47 

100 

Porcelain : 

Xo.  1  .... 

73.50 

141.90 

256 

Bulb  not  specially  dried. 

Xo.  2  . . . . 
Xo.  3  .... 

72.  40 
7G.  46 

115.  00 
119.  58 

162 
155 

f  Both  bulbs  dried  by  repeated  exhaus- 
-[      tion  after  calibration  with  water. 
(   Bulb  at  100°  during  drying. 

Xo.  4  . . . . 

72.62 

102.98 

115 

Bulb  carefully  dried  X>y  repeated  ex- 
haustion with    mercury    air-pump. 
Bulb  and  stem  at  100°. 
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The  results  of  this  table  are  startling.  They  seem  to  show  that  bulbs 
ot  glazed  internally  are  worthless  for  temperature  measurement.  The 
rror  is  very  largely  due  to  the  presence  of  moisture  in  the  bulbs;  prob- 
bly  also  to  the  condensation  of  air  in  the  pores  of  the  unglazed  porce- 
lin.  An  explanation  of  these  results  can  be  given  by  equation  (13) 
nd  Table  48.  This  consideration  exhibits  an  important  principle,  so 
ir  as  drying  by  exhaustion  is  concerned,  and  may  therefore  be  made 
ere.  Bulb  No.  4,  which  is  most  carefully  exhausted,  need  alone  be 
iscussed.     It  appears  that  the  value  of  3  H  and  3  h0,  which  give  rise 

T 

an   error  of  .^  are  approximately  3  H  =  2.7cm,  and  3  h()  =  l.S' '". 

low,  after  a  mercury  air-pump  has  .been  much  used  for  drying,  moist- 
re  is  apt  to  show  itself  in  the  receiver,  after  which  the  exhaustion  can 
ot  be  carried  further  than  2cm  at  ordinary  temperatures.  Hence  it 
ppears  that  unless  the  exhaustion  be  very  frequently  repeated  a  ten- 
ion  of  aqueous  vapor  equivalent  to  about  2cm  of  mercury  at  100°  may 
til  to  be  removed,  an  amount  nearly  sufficient  for  the  discrepancy  in 
uestion.  It  is  to  be  noted  that  like  errors  in  H  and  h0  do  not  compen- 
ite  each  other.  The  amount  of  water  thus  remaining  in  the  pores  of 
le  cold  bulb  is  about  4ms. 

These  results  point  out  the  desirability  of  perfect  exhaustion  and 
ie  necessity  of  keeping  the  air-pump  dry.  In  view  of  the  enormous 
iscrepancies  cited  in  the  last  table,  the  unglazed  bulbs  were  discarded, 
ome  years  after,  however,  when  the  difficulty  of  soldering  porcelain 
ad  been  tried  in  many  experiments,  I  resolved  to  test  these  unglazed 
nibs  again,  with   a  view  to  perfecting  them.     In   the  first  place  it 

obvious  that  if,  instead  of  determining  h0  directly  with  melting 
aow,  this  datum  be  calculated  from  measurements  of  h  made  at  ordi- 
ary  temperatures  (25°),  better  results  will  probably  be  obtained,  since 
le  small  impurity  of  vapor  may  in  the  latter  case  be  more  accurately 
reated,  like  a  gas.  Moreover,  care  was  taken  to  dry  the  bulbs  at  red 
eat  prior  to  using  them  for  air  thermometry.  Table  49  contains  re- 
alts  for  bulbs  thus  dried,  all  unglazed  internally,  except  No.  1,  which 
5  the  soldered  form  (Fig.  33),  glazed  internally. 

Table  49. — Moisture  error  of  unglazed  bulbs. 


No. 

H 

''o 

T 

Remarks. 

Porcelain : 

cm. 

cm. 

°C. 

No.l   

75.8 

94. 2 

99 

No.2. ...... 

75.7 

94.3 

99 

No.3 

62.6 

78.9 

102 

No.2 

35.7 

45.7 

104 

No.3 

48.5 

61.1 

102 

No.4 

76.3 

97.0 

102 

No.  4 

17. '26 

21.60 

101.1 

Cathetometer  measurement. 
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These  results  are  such  an  enormous  improvement  on  the  discrepancies 
of  Table  48  that  it  seemed  expedient  to  endeavor  to  further  investigate 
the  behavior  of  these  instruments  at  high  temperatures.  If  under  these] 
conditions  the  bulbs  show  no  greater  variations  than  is  in  accordance 
with  the  above  data,  the  further  improvement  of  the  bulb  presents  it-] 
self  emphatically.  Values  of  high  temperatures  sufficiently  approximate 
for  the  present  purposes  are  obtainable  by  the  method  investigated  iifl 
Chapter  II,  where  apparatus  for  calibrating  thermoelements  witli 
known  boiling  points  are  described.  It  seemed  especially  desirable  toj 
make  this  high-temperature  comparison  in  order  that  some  definite  pre-] 
liminary  notion  of  the  degree  of  accuracy  of  high-temperature  dutaj 
in  general  might  be  independently  obtained.  Examples  of  these  re- 
sults are  given  in  the  following  tables,  50  and  51.  The  first  of  these] 
(Table  50)  contains  a  comparison  of  the  calibrated  therm o-element 
and  air  thermometer  made  in  the  large  gas-muffle  furnace  described  on 
page  181.  The  junction  of  the  thermo-couple  having  been  tied  wita 
asbestus  wicking  to  the  equatorial  parts  of  the  air  thermometer,  th 
whole  bulb  was  thereupon  surrounded  with  a  non-conducting  jacket  o 
carded  asbestus,  from  one  to  two  inches  thick,  inclosed  in  a  cylindrical 
asbestus  box.  Both  the  thermo-electric  and  the  air  thermometer  meas- 
urements were  made  in  time  series,  with  one  observer  at  each  instruJ 
ment.1  In  this  way  the  rate  of  heating  or  cooling  of  the  furnace  appears] 
among  the  results.  As  usual  h0  is  the  (calculated)  zero  reading  of  the 
air  thermometer,  H  the  corresponding  reading  at  the  high  temperature 
T,  and  at  the  time  given  in  the  same  horizontal  row.  Again,  t  is  the 
temperature  of  the  cold  junction  of  the  thermoelement,  e  the  corre- 
sponding electro-motive  force,  in  microvolts  Thg  and  Tzn  the  calculated 
(thermoelectric)  temperature  when  in  the  first  case  the  calibration  is 
carried  only  as  far  as  the  boiling  point  of  mercury,  in  the  second  case 
when  carried  as  far  as  the  boiling  point  of  zinc.  Thg  and  Tzn  are  the 
results  of  graphic  interpolation,  as  explained  in  Chapter  II,  page  114. 


Table  50. — Comparison  of  air  thermometer  and  thermo-element. 


Bulb  No.  3  ;  ft„= 

26.  6™> 

Thermo- 

couple  IS! 

o.  36. 

H 

T 

Time. 

t 

«20 

Thg 

Tzn 

Time. 

cm. 

o(7. 

hours. 

°0. 

microvolts. 

*C. 

°<7. 

hours. 

330. 1 

60 

12.46 

24.7 

650 

97 

97 

12.52 

464.3 

207 

.53 

.8 

1530 

196 

196 

.55 

637.9 

389 

.57 

.8 

2220 

264 

268 

.56 

705.7 

462 

.60 

.9 

4270 

443 

460 

'        .61 

759.  4 

519 

.63 

25.0 

6400 

596 

636 

.71 

817.1 

581 

.66 

.3 

7260 

655 

705 

.79 

Dr.  Hallock  kindly  assisted  me  in  this  series  of  measurements. 
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Table  50. — Comparison  of  air  thermometer  and  thermo-element. — Cont'd. 


Bulb  No.  3;  fto= 

26.  6"" 

Thermo 

•couple  No.  36. 

H 

T 

Time. 

t 

C20 

Thg 

Txn 

Time. 

cm. 

°C. 

hours. 

°C. 

microvolts. 

°a 

oG. 

hours. 

847.9 

613 

.69 

.4 

8490 

732 

792 

.86 

898.7 

670 

.74 

.5 

8860 

755 

821 

.89 

928.7 

700 

.79 

.5 

9200 

777 

845 

.94 

965.  5 

741 

.83 

.7 

9710 

802 

878 

1.00 

1017.3 

797 

.00 

.9 

10110 

826 

906 

.07 

1078.  5 

863 

1.01 

20.  3 

10530 

850 

933 

.17 

1107.0 

896 

.08 

.4 

10760 

804 

950 

.22 

1150.6 

942 

.25 

27.4 

11570 

908 

1000 

.45 

1 179.  8 

973 

1.35 

27.6 

11630 

911 

1005 

1.50 

1187.8 

984 

.42 

.7 

11700 

915 

1010 

.53 

1198.8 

996 

.50 

.9 

11840 

924 

1017 

.61 

1202. 8 

1000 

.58 

28.2 

11970 

928 

1026 

.70 

1203.  3 

1000 

.67 

28.4 

12060 

934 

1030 

.75 

1202.  8 

1000 

.75 
Gas 

of fnrns 

ce  shut  off  1 

77h 

1199.8 

997 

1.81 

|       28.9 

10780 

864 

951 

1.87 

1120.5 

916 

.87 

29.2 

9930 

815 

893 

.91 

1064. 3 

848 

.92 

29.3 

9130 

769 

838 

.95 

979.3 

756 

.97 

29.4 

8520 

733 

794 

.98 

934.8 

706 

2.01 

29.4 

7570 

675 

727 

2.03 

859.3 

626 

.07 

29.  5 

7050 

640 

686 

.06 

798.3 

561 

.13 

29.5 

6590 

610 

651 

.09 

721.9 

478 

.19 

29.  5 

6190 

584 

621 

.12 

678.4 

433 

.27 

29.5 

5170 

515 

538 

.21 

633.5 

385 

.35 

29.5 

4700 

476 

496 

.20 

591.7 

340 

.43 

29.4 

4310 

445 

461 

.30 

555.4 

302 

.53 

29.4 

3980 

421 

436 

.35 

522.7 

267 

2.63 

29.4 

3400 

372 

384 

2.44 

483.9 

227 

.74 

29.4 

3140 

348 

358 

.48 

462.9 

206 

.91 

29.4 

2850 

324 

332 

.54 

29.4 

2310 

274 

277 

.68 

29.4 

2000 

245 

246 

.79 

29.4 

1790 

220 

226 

.87 

29.  4 

16G0 

214 

214 

.93 

The  following  comparison  (Table  51)  of  the  data  of  thermo-element 
id  air  thermometer  was  made  in  the  revolving  muffle,  described  on  page 
\1.  The  simple  round  bulb  (No.  4),  not  provided  with  a  central  tube, 
iving  been  properly  adjusted,  the  thermo-electric  junction  was  placed 
jarly  in  contact  with  it.    The  table  contains  three  independent  series 
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of  measurements,  and  nomenclature  used  is  identical  with  that  of  the 
foregoing  table: 

Table  51. — Comparison  of  air  thermometer  and  thermo-couple. 


Bulb  No. 

i. 

Thermo-couple  J 

'0.  37. 

II 

T 

Time. 

t 

e 

Thg 

2V„ 

Time. 

(a) 

[7)U=10.74r»'] 

cm. 

°C. 

hov/rs. 

°a 

microvolts. 

°G. 

°<7. 

hours. 

82.  2 

1115 

1.  57 

25.3 

12920 

980 

1082 

1.  53 

88.9 

1238 

1.85 

25.  8 

14780 

1073 

119(3 

1. 73 

89.2 

1244 

1.93 

27.3 

15430 

1102 

1233 

1.90 

89.3 

124  G 

2.  03 

27.3 

15690 

1115 

1249 

2.05 

(6) 

[7io= 14.70™] 

62.  G 

923 

2  ''7 

26.3 

10480 

8.10 

930 

2.22 

04.  2 

954 

2.35! 

2G.  5 

11020 

878 

972 

2.33 

72.  5 

1118 

2  5° 

27.0 

12250 

944 

1045 

2.47 

7G.  6 

1202 

2.  G2 

27.3 

14000 

1034 

1150 

2.60 

77.3 

1218 

2.  65 

27.8 

14760 

1072 

1195 

2.72 

78.  G 

1244 

2.73 

28.2 

15060 

1085 

1213 

2.82 

79.1 

1254 

2.80 

28.2 

14970 

1081 

1206 

2.87 

79.1 

1254 

2.82 

28.5 

14870 

1075 

•  1201 

2.  92 

78.8 

1248 

2.85 

78.4 

1240 

2.92 

( 

3ras  of  furnace  shut  c 

ff. 

72.8 

1126 

3.03 

29.0 

12930 

980 

1085 

3.03 

6G.8 

1000 

3.12 

29.5 

10710 

861 

945 

3.  17 

62.8 

927 

3.22 

29.6 

10090 

827 

904 

3.20 

57.3 

819 

3.30 

30.0 

9040 

765 

833 

3.32 

51.4 

704 

3.47 

30.6 

7690 

083 

735 

3.48 

46.3 

603 

3.68 

31.3 

6490 

604 

644 

3.  08 

42.0 

519 

3.92 

31.8 

5340 

524 

551 

3.92 

36.9 

422 

4.27 

31.8 

4130 

430 

449 

4.27 

32.  5 

337 

4.  C8 

31.8 

3140 

350 

359 

4.70 

24.8 

188 

[ho= 15.68='''] 

77.0 

1115 

2.00 

29.0 

14170 

1042 

1160 

2.00 

77.4 

1122 

.03 

29.0 

14270 

1046 

1166 

2.03 

68.5 

957 

.18 

29.0 

10770 

865 

948 

2.17 

52.7 

659 

.53 

29.0 

7090 

644 

690 

2.50 

The  results  of  these  two  tables,  50  and  51,  may  best  be  compared 
graphically  by  regarding  the  various  values  of  temperature  as  functions 
of  time.  This  has  been  done  in  the  chart,  Fig.  39.  The  curves  a,  b,  i 
correspond,  respectively,  to  T,  T2n,  and  Thg  of  Table  50;  the  curves  hM 
Thg,  of  Table  51,  respectively ;  the  curves  /,  <j,  and  m,  n  to  I 
(850) 
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ind  Tzn  of  the  same  table.  The  curves  rf  and  e  are  supplied  by  way  of 
sxample,  and  are  values  of  Tzn  obtained  by  beating  a  Fletcher  injector 
[muffle  form  heated  by  power  blast)  to  maximum  intensity  and  then 
illowing  it  to  cool.  A  comparison  of  curves  a,  b,  c  shows  that  from  C00° 
:he  heating  takes  place  sufficiently  slowly  to  make  comparative  meas- 
urements admissible.  Throughout  the  stage  of  heating  Tand  Tzn  agree 
within  30°,  usually  much  more  closely,  whereas  Tand  Thg  differ  by  as 
much  as  90°.  The  maximum  temperature  is  not  above  1,000°.  After 
:he  gas  is  shut  off  the  furnace  cools  too  rapidly  for  calibration  work, 
he  thermo-couple  cooling  at  somewhat  greater  rates  than  the  air  ther- 
nometer.  The  curves  d  and  e  for  the  muffle  furnace,  the  form  of  which 
s  a  thick-walled  cylindrical  box,  exhibit  rates  of  cooling  very  much  less 
jhan  the  curves  a,  b,  c — a  desideratum  which  is  much  more  fully  realized 
n  work  with  the  revolving  muffle  furnace,  for  which  the  curves  h,  Jc,  i 
ipply.  Unfortunately,  owing  to  accidents,  the  statistics  of  heating  are 
mly  imperfectly  shown  ;  but  beginning  at  about  900°,  which  is  here 
learly  the  maximum  intensity  for  the  amount  of  gas  supplied,  Tand  Tzn 
liffer  by  only  10°,  T  and  Tn<J  by  about  80°.  The  curves  then  rise  rapidly, 
>wing  to  the  fact  that  the  influx  of  gas  has  been  increased,  until  at  1,250° 
rand  Tzn  differ  by  nearly  40°,  Tand  Thg  by  nearly  150°.  For  reasons 
)f  a  practical  kind,  the  temperature  was  not  increased  above  1,250°. 
3elow  1,000°  cooling  takes  place  at  rates  sufficiently  retarded  to  make 
jalibration  work  .practicable.  Above  1,000°  it  is  expedient  to  obtain 
lie  different  degrees  of  constant  temperature  by  regulating  the  supply 
)f  gas.  A  comparison  made  between  the  curves  Jc  and  h  throughout  the 
jonrse  of  cooling  leads  to  the  inference  that  the  well-known  thermo- 
electric formula  e=ar-\-br(j  is  insufficient  for  interpolation. 

The  extrapolated  temperature  Thg  differs  enormously  at  high  temper- 
itures  from  its  air-thermometer  value,  the  latter  being  the  greater. 
3ince  below  900°,  T<  Tm1  the  discrepancy  can  not  be  referred  to  friction 
)f  gas  in  the  capillary  tubes,  the  effect  of  which  would  be  of  the  oppo- 
site sign.  The  only  cause  which  would  tend  to  cool  the  air  thermometer 
it  a  greater  rate  than  the  thermo-couple  is  the  effect  of  the  entrance  of 
:he  air  above  the  meniscus  of  the  manometer,  while  the  mercury  is 
gradually  moving  upward  from  a  lowered  position  into  contact  with  the 
klucial  mark.  Or,  finally,  the  error  T—TZ)l  may  indicate  superheating 
n  the  calibration  work. 

It  is  by  no  means  the  object  to  furnish  in  this  place  more  than  a  sta- 
tistical diagram,  as  it  were,  of  the  degree  of  accordance,  which  the  high- 
:emperature  measurements  made  in  widely  different  ways,  present. 

When  comparisons  are  made  in  the  Bunsen  muffle  the  ascending  val- 
les  of  Tzn  exceed  the  descending  values  of  Tzn  for  the  same  T.  The 
iscending  and  descending  values  of  Tzn  in  case  of  comparisons  made  in 
;he  revolving  muffle  are  nearly  the  same.  This  is  a  pretty  fair  test  for 
dentity  of  environment.  Nevertheless,  if  all  values  of  Tm  obtained  be 
aid  off  as  functions  of  T,  the  band  or  pathway  thus  obtained  is  in  some 
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instances  nearly  100°  wide  and  the  boiling  points  of  zinc  fluctuate  be 
tween  925°  and  995°. 

Later  results. — Following  the  suggestion  of  the  results  contained  or 
pages  199  to  204, 1  made  the  following  series  of  additional  comparisons 
The  bulb  used  is  still  the  non-re-entrant  form,  not  glazed  internally 
Great  care  was  taken  to  dry  it  thoroughly  by  heating  the  bulb  to  100°,, 
and  then  exhausting  the  air  to  a  few  tenths  millimeter.  After  being: 
treated  in  this  way  the  bulb  was  filled  with  air,  dried  over  anhydrous 
phosphoric  acid.  In  the  last  two  series  7/0  is  calculated  from  the  tension 
observed  at  100°.  Special  care  was  taken  with  the  cathetometric  meas-l 
urements.  Tbe  series  of  temperatures  is  ascending.  The  influx  of  gas; 
is  gradually  increased  by  means  of  a  graduated  stopcock,  and  the  cali- 
bration measurements  are  made  after  each  increment  as  soon  as  the 
temperature  has  again  become  stationary.  In  this  way  not  only  mayv 
any  number  of  degrees  of  constant  temperature  be  obtained,  but  the 
mean  rate  at  which  temperature  increases  may  be  reduced  as  near 
zero  as  is  desirable.  If  therefore  one  observer1  notes  the  instant  of 
contact  between  the  upper  meniscus  of  the  manometer  and  the  fiducial 
mark,  the  other  observer  may  note  the  corresponding  cathetometer 
reading  of  the  lower  meniscus  for  the  same  instant.  From  a  comparison 
of  the  following  results  as  a  whole  I  infer  that  in  proportion  as  the  tem- 
perature of  the  muffle  increases,  equality  of  temperature  for  all  points 
of  its  inner  surface  more  nearly  obtains.  This  is  due  to  the  fact  that  at 
high  temperatures  its  heat  conduction  is  better.  For  low  temperature 
calibrations  it  is  therefore  advisable  to  use  a  muffle  cooling  from  red  heat 
in  a  closed  furnace.  In  the  tables  e20  has  been  calculated  for  £=20°. 
The  actual  temperature  (t)  of  the  lower  junction  is  given  in  Table  52 
for  each  case. 

Table  52. — Comparison  of  air  thermometer  and  thermo-couple. 


ho  =  U.6frm.    Bulb  No.  4. 

Thermo-couplo  No.  37. 

* 

T 

Time. 

* 

^20 

Time. 

cm. 

o(7. 

hours. 

°a 

microvolts. 

hours. 

27.35 

241 

2.78 

28.0 

2545 

2.78 

30.25 

297 

2.88 

28.0 

2941 

2.84 

31.  68 

324 

2.99 

28.0 

3060 

2.90 

33.25 

354 

3.14 

28.0 

3283 

2.97 

34.32 

375 

3.35 

27.8 

3792 

3.40 

34.32 

375 

3.42 

27.8 

3780 

3.43 

41.47 

512 

3.73 

27.8 

3780 

3.45 

42.33 

529 

3.78 

28.3 

5475 

3.68 

48.49 

648 

4.00 

28.3 

5820 

3.75 

49.99 

678 

4.07 

28.3 

7132 

3.93 

50.86 

694 

4.11 

28.3 

7706 

4.02 

57.80 

831 

4.31 

28.3 

8015 

4.08 

1  Mrs.  Anna  H.  Bams  assisted  me  in  this  work. 
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Table  52.— Comparison  of  air  thermometer  and  thermo-couple.— Cont'd. 


ho  =  14.66™'.     Bulb  No.  4. 

.  Thermo-couple  No.  :J7. 

H 

T 

Time. 

t 

620 

Time. 

cm. 

°C. 

hours. 

°C. 

microvolts. 

hours. 

58.77 

850 

4.35 

28.3 

8254 

4.12 

59.  55 

866 

4.43 

28.8 

10260 

4.33 

65.67 

985 

4.65 

29.0 

10357 

4.37 

67.88 

1031 

4.72 

29.3 

10459 

4.43 

69.95 

1072 

4.77 

29.3 

12622 

4.68 

29.3 

13472 

4.75 

29.3 

13902 

4.78 

28.92 

271 

1.43 

27.8 

3596 

1.45 

31.89 

327 

1.49 

27.8 

3925 

1.50 

33.58 

360 

1.53 

27.8 

4127 

1.53 

35.38 

394 

1.59 

27.8 

4457 

1.60 

37.10 

426 

1.68 

27.8 

4723 

1.70 

38.19 

448 

1.78 

27.8 

4847 

1.78 

38.77 

459 

1.87 

28.8 

5100 

2.00 

39.13 

466 

1.95 

28.8 

5100 

2.03 

39.45 

472 

2.03 

28.8 

6144 

2.17 

41.00 

502 

2.14 

28.8 

6507 

2.20 

45.46 

588 

2.27 

28.8 

7045 

2.30 

46. 73 

613 

2.33 

29.3 

7281 

2.37 

47.87 

635 

2.40 

29.3 

7455 

2.42 

48.80 

653 

2.48 

30.3 

8270 

2.75 

50. 18 

680 

2.58 

30.8 

8153 

2.88 

51.32 

703 

2.69 

30.8 

8872 

3.00 

51.29 

702 

2.85 

31.3 

9651 

3.12 

.      52. 59 

727 

2.99 

31.3 

9910 

3.17 

54.81 

771 

3.08 

31.8 

10375 

3.33 

56.69 

808 

3.16 

32.6 

10289 

3.50 

58.56 

845 

3.28 

33.0 

13021 

3.73 

58.95 

852 

3.49 

33.3 

13423 

3.83 

65.49 

982 

3.69 

33.8 

13427 

3.92 

68.40 

1040 

3.79 

33.8 

14297 

4.00 

68.86 

1049 

3.87 

33.8 

14677 

4.05 

69.87 

1070 

3.98 

34.3 

15191 

4.12 

72.03 

1112 

4.05 

34.3 

15511 

4.17 

73.72 

1146 

4.10 

34.3 

15732 

4.22 

75.68 

1186 

4.17 

34.4 

15852 

4.30 

76.85 

1209 

4.22 

34.6 

15963 

4.42 

77.69 

1227 

4.26 

78.62 

1245 

4.33 

79.11 

1255 

4.39 

79.47 

1262 

4.44 

In  spite  of  the  care  taken  with  these  observations  the  results  do  not 
low  the  uniformity  and  accuracy  expected;  this  appears  from  a  graphic 

■[presentation  of  the  following  correlative  values,  Table  53,  taken  from 

lable  52. 
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Table  53.— T  and  e2o- 


[bull.  54: 


I. 

II. 

III. 

T 

^20 

T 

e2o 

T 

e?o 

250 

2630 

350 

4050 

960 

1138 

300 

3050 

400 

4490 

995 

1176 

375 

3790 

450 

4860 

1080 

1340 

525 

5800 

470 

5100 

1100 

1373 

670 

7860 

550 

6560 

1130 

1445 

860 

10400 

600 

7050 

1180 

1520 

1016 

12850 

630 

7350 

1240 

1610 

1080 

13800 

702 
730 
820 
847 
1000 
1050 
1100 
1150 
1200 
1250 

8240 
8860 
10000 
10360 
13000 
13420 
14540 
15060 
15640 
15900 

1260 

1628 

The  values  of  temperature  are  small  relative  to  the  electro- mo tivd 
forces.  This  would  result  if  the  stem  error  applied  is  too  small  by  aj 
amount  quite  within  the  range  of  possible  error,  but  it  is  more  likely  thai 
the  thermo-couple  is  here  at  a  temperature  above  that  of  the  air  ther 
mometer;  in  other  words,  that  the  environments  are  not  identical.  A 
reverse  of  this  takes  place  on  cooling;  hence  the  use  of  a  pimple  non-rej 
entrant  bulb  for  comparison  is  not  at  once  permissible.  It  is  necessarj 
if  the  results  are  to  be  uniform  and  comparable,  that  both  bulb  and  ther, 
mo-electric  junction  be  not  only  contiguous,  but  be  enveloped  in  somi 
thick  non-conducting  substance.  Such  additional  appliance  is  object 
tionable,  since  it  interferes  with  quick  and  facile  manipulation,  and  aj 
high  temperatures  is  fused  into  the  glaze  of  the  bulb  in  a  way  that  en 
dangers  it.  Mere  contiguity  of  the  junction  and  the  bulb,  even  in  casj 
of  a  revolving  muffle,  is  not  a  sufficient  guaranty  for  the  accuracy  d 
the  calibration  results  obtained. 

Digression. — Before  resolving  to  change  the  form  of  the  bulb,  I  madjl 
another  series  of  experiments,  which  have  an  ulterior  interest,  inasmuci 
as  they  are  made  with  the  soldered  bulbs,  glazed  both  within  and  wital 
out,  which  are  described  above,  p.  175.  It  was  also  expedient,  if  not  necfi 
essary,  to  change  the  method  of  measurement,  and  in  the  following 
results,  Table  51,  the  constant-volume  method  is  replaced  by  the  coal 
stant-pressure  method.  The  data  are  given  in  a  way  that  will  be  fuUil 
explained  in  the  next  paragraph  (p.  217),  and  it  is  here  only  necessary 
to  refer  to  the  time  series  of  T,  the  temperature  of  the  bulb,  and  of  e^ 
the  corresponding  electromotive  force.     Corresponding  values  of  e2()  an  i 
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"are  collected  in  Table  55,  and  obtained  as  before  by  graphic  interpo- 
ition.  The  results  are  inserted  here  because  of  the  non-re-entrant  form 
f  bnlb  employed. 

Table  54.—  Comparison  of  air  thermometer  and  thermo-couple. 


In  glazed 

bulb  Xo 

9  S  va  = 

282^ 
20" 

Therm o-coupl6  No.  37, 

r1 

Ti 

2?o 

T 

Time. 
hours. 

^0 

e  20 

Time. 

Gas- 
cock. 

cc. 

"C. 

cm. 

°C. 

°C. 

microvolt. 

hours. 

147.  0 

24.3 

76.46 

333 

1.12 

22.  4 

3039 

1.05 

2 

149.7 

24.3 

76.46 

345 

1.17 

22.  6 

3534 

1.  22 

2 

154.3 

24.3 

76.46 

366 

1.28 

22.8 

3743 

1.34 

2 

157.0 

24.6 

76.46 

379 

1.38 

23.1 

3906 

1.48 

o 

160.4 

24.  8 

76.46 

396 

1.55 

23.6 

4110 

1.78 

2 

163. 1 

25.  5 

76.46 

409 

1.88 

23.7 

4104 

1.92 

o 

163.4 
192.5 

25.4 
,6.1 

76.46 
76.46 

411 
621 

1.98 
2.28 

24.8 

7160 

2.33 

3 

196.0 

26.2 

76.  46 

655 

2.37 

24.9 

7455 

2.42 

3 

201.9 

28.6 

76.46 

716 

2.78 

25.4 

7926 

2.07 

3 

202.5 

26.7 

76.46 

722 

2.84 

25.8 

8076 

2.81 

3 

211.7 

26.9 

76.46 

841 

3.12 

26.6 

10270 

3.17 

3.5 

216.0 

27.0 

76.46 

907 

3.33 

26.8 

10621 

3.30 

3.5 

216.6 

26.9 

76.46 

919 

3.47 

27.0 

10748 

3.42 

3.5 

217.4 

27.1 

76.46 

931 

3  67 

27.4 

10940 

3.58 

3.5 

219.  0 

26.9 

7646 

960 

3.82 

28.1 

11602 

3.87 

3.7 

220.7 

26.8 

76.  46 

994 

3.J8 

28.3 

11793 

3.95 

3.7 

222.  2 

27.1 

76. 46 

1019 

4.13 

28.4 

12052 

4.  05 

3.7 

223.  0, 

27.  0 

76.  46 

1036 

4.  25 

28.6 

12364 

4.20 

3.7 

223.  2 

26.9 

76.  46 

1041 

4.40 

28.6 

12170 

4.37 

3.7 

220.  0 

26.5 

76. 46 

985 

4.58 

29.1 

10480 

4.65 

1 

215.  0 

26.0 

76.46 

903 

4.68 

29.3 

9563 

4.73 

210.  0 

25.8 

76.40 

828 

4.78 

29.3 

8807 

4.81 

205.  3 

25.  5 

76.  46 

767 

4.87 

29.3 

8155 

4.88 

200.2 

25.  3 

76.  40 

707 

4.97 

29.  4 

7.''3C 

5.  00 

189.  8 

25.0 

76.46 

602 

5.20 

29.1 

6404 

5. 18 

180.8 

25.2 

76.  53 

528 

5.  42 

29.  0 

5649 

5.  33 

5a 

170.0 

25.2 

76.  53 

452 

5.68 

28.8 

5009 

5.  :o 

1      T. 

160.  2 

25. 1 

76.  53 

396 

5.93 

28.7 

4275 

5.  73 

5 

154.8 

25.0 

76.  53 

369 

6.  0.5 

28.0 

3835 

5.88 

145.3 

24.8 

76.53 

325 

6.30 

28.6 

3589 

5.98 

140.4 

24,8 

76.53 

3(17 

6.42 

28.6 

334  I 

6.08 

129.  8 

24.0 

76.53 

267 

6.68 

28.4 

2979 

6.27 

124.9 

23.  7 

76.53 

251 

6.80 

28.  2 

27.6 

2759 
2325 

6.  38 
6.  65 

) 
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Table  55. — T  and  e20  from  Table  54. 

[Non-re-entrant  inglazed  bulb  No.  2 ;  thermo-couple  No.  37.1 


[BULL. 


T 

620 

T 

Cm 

T 

C-20 

o(7. 

microvolt. 

0(7. 

microvolt. 

OO. 

microvolt. 

333 

3240 

907 

10650 

767 

8270 

345 

3360 

919 

10800 

707 

7550 

366 

3640 

931 

11000 

602 

6320  , 

379 

3780 

994 

11860 

528 

5320 

396 

4000 

1019 

12220 

452 

4430 

409 

4100 

1036 

12400  i 

396 

3710 

411 

4110 

1041 

12500 

369 

3410 

655 

7300 

325 

2940 

716 

8040 

903 

10150  j 

307 

2720 

722 

8100 

828 

9100 

267 

2300 

In  the  up-going  series,  in  which  observations  were  made  only  durir 
periods  of  very  constant  temperature,  the  values  of  electro-motive  for< 
are  normal  in  comparison  with  values  of  temperature.  The  boilii: 
point  of* zinc,  for  instance,  is  fixed  at  930°.  In  the  down-going  seri< 
thermo-electromotive  force  is  too  small,  as  usual.  The  effect,  howeve 
is  possibly  exaggerated  by  the  great  difficulty  of  making  these  bull 
absolutely  tight.  Nor  is  it  possible  to  estimate  the  leak  effect  as 
function  of  time,  for  the  capillary  canals  change  with  temperature  au 
even  by  accidental  disturbances. 

Difficulties  such  as  are  here  described  led  me  to  the  constructic 
of  the  re-entrant  form  of  bulb,  in  which,  by  a  simple  device,  they  a] 
wholly  obviated.  This  will  be  shown  at  length  in  the  final  sectioi 
which  follows.  I  have  purposely  given  a  full  series  of  data  in  Tabh 
50  to  55,  in  order  to  bring  before  the  mind  the  extreme  difficulty  e: 
countered  in  making  comparisons  between  the  thermo-couple  and  tl 
air  thermometer,  when  the  conditions  to  be  met  are  accuracy  and  exp 
dition. 

CONSTANT   PRESSURE   AIR   THERMOMETRY — APPARATUS. 

The  above  data  were  investigated  in  the  rational  endeavor  to  ada] 
Jolly's  very  convenient  form  of  air  thermometer  to  high-temperatu; 
measurements.1  To  do  this  I  found  it  desirable  to  use  low-pressure  (< 
atmosphere)  manometers,  so  that  at  high  temperatures,  when  porcela: 
shows  a  tendency  to  become  viscous,  the  pressures  on  the  interior  and  c 
the  exterior  of  the  hot  bulb  may  not  differ  by  an  amount  sufficient  to  d 
form  the  bulb  seriously.  But  while  on  the  one  hand  this  can  never  1 
perfectly  accomplished,  the  difficulty  of  maintaining  the  air  in  the  bu 
and  manometer  at  an  invariable  low  pressure  makes  this  instrument  u: 
usually  liable  to  errors  or  accidents  on  the  other.  In  theconstant-pressui 
method  of  air  thermometry,  all  hurtful  excesses  of  pressure  on  the  bu] 

1  Weiuhold,  Erhardt,  and  Schertel  tried  it  before  (cf.,  p.  33, 34). 
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may  be  almost  wholly  excluded,  the  pressure 
chosen  being,  of  course,  that  of  the  atmosphere. 
In  this  method,  however,  the  volume  of  the  bulb 
must  be  accurately  known,  a  datum  which  is  only 
of  secondary  importance  in  the  constant-volume 
method. 

Again,  the  above  data  are  obtained  with  spher- 
ical bulbs  of  the  n  on -re-entrant  form.  The  diffi- 
culty experienced  in  obtaining  a  degree  of  satis- 
factory accordance  in  the  various  series  of  data 
is  due  to  the  fact  that  the  environments  are  not 
identical.  Hence  in  the  following  experiments  the 
re-entrant  form  of  bulb  (Fig.  32)  will  be  used,  in 
which  an  identical  exposure  has  been  as  nearly  as 
possible  realized.  It  will  still  be  necessary  to  op- 
erate with  bulbs  not  glazed  internally.  For  final 
work  bulbs  of  the  re-entrant  form,  constructed  in 
accordance  with  the  Deville  and  Troost  plan  (Fig. 
33),  so  as  to  be  easily  glazed  internally,  are  avail- 
able. 

A  very  convenient  and  simple  apparatus  for 
constant-pressure  air  thermometry  is  given  in  Fig. 

,  yT)-  actual  size.  The  details  of  construction  are 
very  similar  to  those  shown  in  Fig.  30,  and  it  is 
therefore  only  necessary  to  indicate  the  essential 
points  of  difference.  In  the  present  instrument 
the  platinum  capillary  tube  A,  the  further  end 
of  which  communicates  with  the  air-thermometer 
bulb,  is  soldered  with  resinous  cement  into  the 
top  of  a  long  cylindrical  tube,  B  G.  The  length 
of  this  tube  is  at  least  150cm ;  it  is  accurately  grad- 
uated in  cubic  centimeters,  and  the  total  capacity 
is  about  300cc.  In  my  apparatus  the  tube  B  G  was 
closed  below  with  a  rubber  cork,  and  this  end 
then  inserted  with  plaster  of  Paris  into  a  suitable 
rest  or  foot,  By  removing  the  foot  and  the  cork 
the  tube  admits  of  being  cleaned,  an  operation 
which,  for  the  case  of  imperfectly  pure  mercury, 
s  sometimes  necessary.  Practically  the  tube  is 
losed  below,  but  it  is  provided  at  a  short  dis- 
;ance  above  its  end  with  a  horizontal  tubulure, 
t)  E,  to  which  a  cloth-wrapped  rubber  hose,  E  F  G, 
s  attached.  The  upper  end  of  E  F  G  communi- 
cates by  means  of  a  three-way  cock,  H,  with  a  large 
;yliudrical  vessel  of  mercury,  K  L  L.  The  cock 
U  has  a  lateral  tubulure, 
Bull,  o4— 14 


h,  through  which  mer- 
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cury  may  be  withdrawn  either  from  the  tube  B  G  or  from  the  reservo 
K  L  L.  The  latter  and  the  cock  H  may  be  unscrewed  from  the  ste 
piece  inserted  into  the  hose  at  G  in  the  manner  shown  in  Fig.  30,  abov 
This  system  is  practically  a  U-tube,  one  of  the  arms  of  which  may  I 
varied  in  height  or  length  at  pleasure.  For  this  purpose  it  is  attache 
to  the  manometer  stand,  already  described.  (See  frontispiece  under  E 
B  G  is  fixed  to  one  of  the  uprights  with  its  weight  mainly  resting  on  tl 
foot  at  G.  The  reservoir  K  L  L  and  the  cock  H  are  fixed  to  the  slid 
which  may  be  moved  at  pleasure  up  or  down  and  clamped  in  any  pos 
tion  on  the  second  parallel  upright  of  the  manometer  stand.  The  slic 
is  conveniently  provided  with  an  ordinary  micrometer  screw,  by  whic 
a  finer  adjustment  is  obtainable.  Enough  mercury  is  introduced  to  jui 
fill  the  tube  B  G  and  leave  a  well-defined  meniscus  in  the  reservo 
K  L  L.  Moreover,  the  dimensions  ofKLL  are  such  that  when  it  o 
cupies  its  lowest  position,  and  the  mercury  is  almost  completely  out  < 
the  tube  B  (7,  the  reservoir  may  be  about  filled.  Measurements  ai 
made  with  the  cathetometer,  which  in  this  case,  however,  has  no  oth< 
purpose  than  to  indicate  identity  in  the  level  of  the  menisci  in  B  G  an 
KLL.  The  pressure  is  then  that  of  the  barometer,  which  may  be  coi 
veuiently  suspended  from  the  same  stand.  (See  frontispiece.)  Volume 
are  read  off'  directly  on  the  glass  tube  B  G.  Two  sensitive  thermom 
ters  at  the  lower  and  upper  parts  of  this  tube,  respectively,  show  ii 
temperature. 

This  is  the  form  in  which  the  apparatus  was  used.  It  will  be  remen 
bered  that  the  chief  purpose  of  the  present  memoir  is  to  test  tj 
availability  of  methods.  Whenever  it  becomes  desirable  to  investigat 
data  of  extreme  accuracy,  it  is,  of  course,  necessary  to  surround  B 
with  a  jacket  of  water,  so  that  the  temperature  throughout  its  lengt 
may  be  kept  rigorously  constant.  Again,  the  increment  of  volurm 
corresponding  to  a  given  increment  of  temperature,  decreases  in  propo: 
tion  as  temperature  itself  increases.  Hence,  if  it  be  desirable  to  tneai 
ure  high  temperatures,  a  volume  tube  may  expediently  be  chosen,  < 
which  the  lower  part  is  of  smaller  diameter  than  the  upper  part.  Dat 
for  the  construction  of  such  tubes  for  any  special  purposes  will  be  full 
given  in  the  tables  below.  Long  capillary  metallic  tubes  cool  down  tb 
gas  to  atmospheric  pressure  before  it  enters  tbe  volumenometer  tube  B  ( 

CONSTANT-PRESSURE   THERMOMETRY— METHOD   OF   COMPUTATION. 

The  general  equation. — Equation  (I),  on  page  180, 

<"(^S-4SXH <■ 

applies  here  as  it  did  in  the  case  above.  The  former  simplification  cot 
sisted  in  so  conducting  the  measurements  that  A=0.    The  presen 
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experiments  accomplish  a  similar  purpose  by  making  H=h ;  for  the 
value  of  A  is  easily  found  as 

where  Yx  is  the  excess  of  the  volume  of  the  gas  at  the  high-temperature 
measurement  Tover  that  at  the  low-temperature  measurement  t,  and 
where  Ti  is  the  temperature  of  Vl .  The  older  method  therefore  eliminates 
the  volume  factor  5  the  present  method  eliminates  the  pressure  factor. 

If  we  expand  equation  (1)  for  the  present  case  we  find  the  following 
correlative  variables : 

v  t  T 

v'         V  T' 

v'        t"         T" 


V,         -         Tv 

where  v  is  the  volume  of  the  bulb,  v'  the  volume  of  the  part  of  the 
stem  along  which  temperature  varies  from  T  to  t,  v"  .  .  .  the  volumes 
of  the  remaining  capillary  stem  and  capillary  tubes  of  nearly  constant 
temperature,  Vi,  finally,  the  excess  of  volume  of  gas  at  the  high-temper- 
ature measurement  typified  by  J,  over  that  of  low-temperature  measure- 
ment typified  by  t  Temperatures  referring  to  the  same  volume  are 
similarly  accentuated.     If  for  abbreviation 

and 

2=HS=2^Hf(T<)-hf(t')~j, 

then  equation  (1)  leads  to  the  following  value  of  T: 

T_  <^/(^))-V(^     (2) 

This  equation  is  rigorously  true ;  but  it  is  unwieldy,  and  to  be  made 
practical  must  be  simplified. 

The  equation  simplified. — Equation  (2)  may  be  easily  put  into  the  form 

H-hf{t)+H^f(Tx)  +  (l  +  aT)2 
T=~  y-y —->      .     •      .      •       (3) 

which  for  E=h1  the  condition  underlying  the  present  method,  and  for 

M=f(t)-Yyf{Tx) (4) 
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an  abbreviating  expression,  reduces  to 

aM-p (° 

This  is  the  form  required.    It  is  nearly  rigorous,  the  approximation 

having  been  inserted  in  the  corrective  member      .     It  is  perhaps  inter 

m 

esting  to  annotate  that  the  rigorous  form  (2),  under  the  simplifying 

condition  H—h  reduces  to  the  unique  expression 

l+-^/(21)-/(*)+iSf  •  p 


(«-/fl-«(i+^/(T0--/W+fl)    ^~aF 

A  few  remarks  on  the  practical  method  of  using  equation  (5)  are  novi 
in  place.  Equation  (4)  shows  that  t,  the  lower  temperature  at  whicll 
measurement  is  made,  furnishes  the  fiducial  or  fixed  point  of  the  as 
thermometer,  t  is  obviously  the  temperature  at  which  V1=0  under  thk 
given  barometric  pressure  Z>,  of  the  day  on  which  the  measurements  an 
made.  Now,  if  at  the  barometric  height  B  and  at  the  temperature 
one  observes  Vi  =  r,  then 

^=!0+:^)>> « 

where  2(v)  is  the  total  volume  of  the  bulb  and  capillary  stems  as  fai 
as  the  zero  mark  of  graduation  on  the  tube  B  G.     Equation  (G)  follow 
at  once  from  equation  (1)  in  the  genera)  form  given  on  page  189,  if  w 
impose  T—T'  —  T"—  .  .  .  1\  and  t=V =  t"  .  .  .  ,  the  conditions  given  m 
the  experiment.     Equation  (6)  is  therefore  generally  true.     Usually 
and  jB,  t  and  r  differ  but  slightly  and  v  is  nearly  zero.     Hence,  bavin: 
measured  r,  B,  v,  it  is  easy  to  find  the  value  of  t,  which  corresponds  t 
the  barometric  height  6  of  the  day;  and  it  is  also  easy  to  make  allow 
ance  for  any  variation  of  barometric  height  occurring  during  the  cours 
of  the  experiment.     These  operations  are  simple  and  the  correction! 
can  mostly  be  made  mentally. 

Mere  inspection  of  equations  (4)  (5)  (G)  shows  that  it  is  expedient  t; 

calculate  a  table  for  the  function  /(fl=L  ,     ^  both  for  glass  and  fo 

v        1  +  at 

porcelain,  once  for  all.  Such  a  table  in  which  t  varies  from  0°  to  30c 
in  single  degrees,  will  usually  suffice.  In  this  table,  however,  the  dat 
l°g/(*)>  which  is  more  frequently  in  demand,  must  also  be  inserted  foi 
the  same  range  of  /. 

If  the  re-entrant  bulb  be  used,  the  mercury  thermometer  is  cor 
veniently  inserted  into  the  central  tube  while  the  bulb  is  in  place  i  j 
the  revolving  muffle.    The  stem  of  the  mercury  thermometer  should  b' 
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?o  long  that  the  position  of  the  thread  may  be  seen.  This  furnishes  r 
If  equation  ((>).  It  is  frequently  convenient  to  make  this  measurement 
or  unequal  heights  of  the  columns  of  mercury  in  the  two  arms  of  the 
nanometer.  In  this  case  i?,  of  course,  is  the  effective  tension  of  the  gas. 
The  difference  in  height  of  the  menisci  is  read  off  by  the  cathetometer.1 
Volumetry  of  bulb. — Equatious  (4)  and  (5)  contain  the  quantity  V, 
>r  the  volume  of  the  bulb  of  the  air  thermometer  at  zero  centigrade. 
This  may,  of  course,  be  measured  directly,  before  the  high  temperature 
work,  by  calibrating  with  water.  If,  however,  a  bulb  non-glazed  in- 
ternally be  used  it  is  exceedingly  difficult  to  dry  it  again  thoroughly. 
Hence  I  have  applied  the  volumetric  method  already  utilized  above  in 
the  case  of  stems.  In  the  case  of  a  manometer  like  the  one  described 
in  Fig.  40  this  method  is  applicable  with  great  elegance,  inasmuch  as 
pressure  can  be  varied  over  a  large  range  and  volumes  read  off  with 
facility.  In  the  following  table  an  example  of  data  obtained  in  this 
way  is  given.  i\  and  p  are  corresponding  values  of  the  volume  of 
the  gas  in  the  manometer  tube  B  G  (Fig.  40),  and  of  the  pressure. 
Measurements  are  made  with  the  bulb  and  manometer  in  the  air,  and 
no  thermal  correction  is  applied  : 

Table  56. —  Volumetry  of  hull. 


Date. 

Vl 

P 

Vo 

cc. 

cm. 

cc. 

Oct.  14 

4.9 

75.88 

279.  6 

122.2 

53.73 

4.8 

75.  93 

280.1 

122.2 

53.77 

Oct.  15 

3.0 

75.65 

281.0 

120.2 

53.  55 

30.0 

75.  66 

280.9 

120.  2 

53.  59 

9.7 

73.97 

282.0 

120.8 

53.56 

6.5 

74.82 

281.3 

120.8 

53.  55 

4.9 

75.  46 

281.4 

120.9 

53.  70 

7.4 

74.  93 

279.  9 

126.  6 

52.  96 

Oct.  16 

4.0 

*  75.  24 

280.1 

126.0 

52.  64 

4.0 

75.  22 

281.3 

120.5 

53.  41 

3.0 

75.  5  1 

279.  9 

120.5 

53.38 

3.0 

75.53 
Mean  v 

281.3 

8  =  280.73 

1Many  operations  may  be  simplified  by  using  Landolt  and  Boernstein's  physical 
tables  ;  Berlin,  1883  ;  cf.  pp.  5  to  7. 


(867 


214  MEASUREMENT    OF    HIGH    TEMPERATURES.  [bull.  54.) 

The  variations  of  v0  here  observed  I  was  first  inclined  to  attribute  to 
the  difficulty  of  defining  the  volume  of  a  bulb,  the  interior  of  which  is, 
not  glazed;  but  they  are  due  to  thermal  disturbances.  In  order  that 
the  present  method  maybe  made  to  yield  the  best  results  the  tempera., 
ture  of  the  bulb  and  of  the  manometer  tube  B  G  (Fig.  40)  must  either' 
be  rigorously  the  same,  or  the  respective  temperatures  must  be  known. 
For,  if  2v  be  the  volume  of  the  bulb  and  capillary  stems  at  the  tern-  j 
perature  t,  and  if  V1  and  V2  be  the  two  volumes  read  off  on  the  manom- 
eter tube  B  G  at  the  temperature  2\,  and  if  Hi  aud  H2  be  the  pressures < 
or  gas  tensions  which  correspond,  respectively,  to  V\  and  V2,  then 


fm  H1V1-R2Y2__ 
-fit)       R2-Hx     -2^' 


an  expression  in  which  if  Tx  and  t  differ  by  as  little  as  a  few  tenths  of 
a  degree  the  factor  f(T±)/  f(t)  can  no  longer  be  considered  negligible.] 
It  will  be  seen  below  that  2  (v)  must  be  measured  with  a  degree  ofl 
precision  scarcely  exceeding  0.02  per  cent.,  i.  e.,  to  about  0.1cc  for  the! 
given  capacity  of  bulb,  if  the  absolute  value  of  Tis  to  be  correct  to  one! 
pro  mille.  But  after  many  measurements,  the  further  citation  of  which] 
is  here  superfluous,  I  convinced  myself  that  when  due  regard  is  paid  to] 
the  temperature  factor  the  accuracy  in  question  is  attainable.  /( TA ) -r-f(t)\ 
is  approximately  l+a  (t—  Ti),  in  which  form  it  may  be  easily  applied. 

Errors  of  the  approximations. — It  is  necessary  to  discuss  the  corrective! 
member  of  the  equation  (5). 

T-  _         M 
-L-  aM-6 

S 

M  '  8 

viz?  -^r — 7,1  or  as  it  may  be  written  with  sufficient  accuracy,  -^ 
aM—j3J  *  aM* 

For  practice  it  is  best  to  write  for  this  the  equivalent  form  v  — i-j 

a' 
and  then  to  calculate  a  table  from  which,  for  each  value  of  T,  the  value 

of  this  corrective  function  may  be  taken  at  once.     It  is  usually  suffiJ 
cient  to  proceed  as  follows  :  The  full  form  of  the  corrective  function  isj 


(i±^p{y(T)-m]\. 


For  those  parts  of  the  capillary  stem  whose  temperatures  are  con- 
stant, f(T")  and  f(t")  are  practically  identical.  Hence  the  part  of  the- 
stem  along  which  temperature  varies  from  the  high  value  to  that  os 
the  atmosphere  alone  enters  into  the  consideration.  It  follows  that  the 
last  expression  may  be  written 

(1+aTY  ?'  [f{T')—f(t')]. 

(MS) 


AKUS.] 


PORCELAIN    AIR    THERMOMETRY. 


215 


Sven  this  correction  is  small,  and  for  1,500°  will  not  much  exceed  5°. 
t  is  permissible  therefore  to  put  T=2T'  and  to  insert  for  V  a  mean 
'alue.    Table  57  is  of  the  kind  here  referred  to,  and  exhibits  the  values 

>f  T^W  f°r  each  Value  of  T  and  for  *'=15°  >  v'/v  is  found  b.Y  measure- 
nent  to  be  0.00043. 

Table  57. — Errors  of  thermometer  formula' . 


T 

S 

T 

s 

aM* 

T 

S 

°G 

°G 

°0 

100 

—  0.0 

GOO 

—  0.G 

1100 

—  1.8 

200 

—  0.1 

700 

—  0.8 

1200 

-  2.2 

300 

—  0.2 

800 

—  1.0 

1300 

-  2.6 

400 

—  0.3 

900 

—  1.2 

1400 

—  2.9 

500 

—  0.4 

1,000 

—  1.5 

1500 

-  3.4 

It  will  be  seen  by  comparing*  this  table,  57,  with  the  similar  one  above 
Table  45)  for  the  constant- volume  method  that  the  errors  here  are 
rery  much  smaller  in  magnitude.  A  result  of  this  kind  was  to  be  antici- 
)ated,  and  the  occurrence  of  small  stem  corrections,  added  to  the  fact 
;hat  measurements  are  made  in  such  a  way  that  the  tension  of  the  gas 
nside  the  bulb  need  not  exceed  atmospheric  pressure,  is  the  salient 
tdvantage  of  the  present  method  of  high-temperature  measurement 
>ver  the  constant-volume  method. 

Compensator. — In  calculating  the  results  of  the  last  table  no  allow- 
mce  is  made  for  fissures  or  for  the  porosity  of  porcelain.  Hence  bet- 
er  results  may  be  anticipated  by  using  the  compensator,  though  it 
ilways  remains  questionable  whether  the  volumes  of  two  nominally 
dentical  porcelain  capillary  stems  are  at  all  identical  in  fact.  llow- 
ver,  it  is  only  the  part  of  the  compensator  along  which  temperature 
raries  from  the  high  value  T  to  that  of  the  room  that  need  be  identical 
ivith  the  stem  of  the  air  thermometer.  The  remainder  of  the  compen- 
sator may  have  any  (capillary)  volume,  which  need  not  be  exactly  the 
>ame  as  the  volume  of  the  capillary  canals  of  the  air  thermometer, 
rhis  appears  fully  from  the  formulae  below. 

The  theoretical  introduction  of  the  data  of  this  apparatus  is  here 
juite  simple;  for  it  is  seen  that  the  quantity  marked  8  in  the  equa- 
tion, page  212,  is  the  one  immediately  given  by  the  compensator.  It 
vill  be  remembered  that  this  apparatus  is  essentially  a  porcelain  stem 
dentical  with  the  stem  of  the  air  thermometer,  provided,  however,  with 
i  manometer  tube  of  much  smaller  caliber  than  the  tube  B  C  of  the 
nanometer,  page  210.  Supposing  therefore  that  the  observations  are 
nade  in  the  way  already  described  for  constant-pressure  air  thermom- 
>try,  we  have  at  once 

s=^'(/(T)-nt'))=-}.f(h) 
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where  v-}  and  tx  have  the  same  signification  for  the  compensator  that  7J 
and  T\  have  for  the  air  thermometer.     Inserting  the  expression 

into  the  equation  (5)  this  becomes 

in  which  the  correction  is  evaluated  experimentally. 

It  will  be  shown  below  that  the  stem  error  is  not  of  such  serious  im- 
portance in  the  constant-pressure  method  as  it  was  in  the  constant- 
volume  method;  that  the  stem  error  rather  falls  below  the  other  possi- 
ble errors  of  measurement.  Hence  the  use  of  the  compensator  is  not? 
to  be  as  strenuously  advised  as  it  was  above,  and  the  correction  derived 
merely  from  calibration  and  computation  may  be  regarded  satisfactory. 
This  is,  of  course,  a  convenience,  since  it  obviates  the  manipulation  foi 
the  measurement  of  the  two  additional  magnitudes  Vi  and  tx*  Such! 
statements,  however,  must  be  made  with  caution,  for  it  will  appear  that 
in  the  constant-pressure  method,  inasmuch  as  the  volume  of  the  bulb 
enters  fundamentally  into  the  computation,  the  real  object  of  the  com 
pensator  is  to  define  the  volume  of  the  bulb.  The  true  volume  of  the 
bulb,  when  the  compensator  is  used,  is  its  own  volume  plus  the  volum< 
of  the  part  of  the  capillary  tube,  the  length  of  which  is  the  difference 
of  length  of  stem  and  of  compensator. 

CONSTANT-PRESSURE   THERMOMETER — EXPERIMENTAL   RESULTS. 

Manipulation. — Before  proceeding  to  the  tabulation  of  final  results  it! 
is  expedient  to  refer  to  a  few  details  of  manipulation.  On  inserting  the! 
thermo-couple  into  the  central  tube  ot  the  air-thermometer  bulb  it  isj 
necessary  to  have  the  wires  quite  enveloped  by  the  fire-clay  insulators*! 
This  is  done  to  avoid  silicificatiou.  It  is  well  to  have  the  insulator  within 
the  air  thermometer  of  smaller  diameter  than  the  straight  tube  which] 
passes  from  the  bulb  to  the  outside  of  the  furnace,  for  the  porcelain  glaze] 
becomes  viscous  at  high  temperatures,  and  is  liable  to-be  absorbed  by  the! 
insulator.  Hence  it  is  desirable  to  avoid  such  close  contact  as  would! 
be  given  by  a  tube  filling  the  hole  snugly.  With  due  precautionary! 
preventives  of  this  kind  silicification  is  nil.  Of  course,  the  thermo-j 
couple  must  be  kept  in  place  while  the  furnace  is  cooling.  If  different! 
thermo-couples  are  to  be  inserted  this  must  be  done  while  the  furnace] 
is  heated  or  during  the  stages  of  rising  temperature.  With  a  well-j 
dried  bulb,  symmetrically  adjusted  in  the  revolving  muffle,  the  heatingj 
and  cooling  may  be  repeated  almost  indefinitely  without  breakage.! 
Breakage  is  liable  to  occur  when  thermometers  or  muffles  are  ex-j 
changed.    Wherever  it  is  possible,  it  is  well   to  avoid  glass  cocks.j 
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wen  when  of  best  workmanship  they  .are  liable  to  leak  after  some 
sage.  Moreover  grease  or  vaseline  is  objectionable  in  consequence  of 
he  danger  incurred  of  choking  the  capillary  metal  tubes. 

Experimental  data. — The  data  obtained  in  the  experiments  with  the 
oustant-pressure  method  are  fully  given  in  Tables  58  to  (»0.  It  is  to 
ie  borne  in  mind  that  the  results  are  obtained  by  a  single  observer 
ud  that  the  chief  object  is  to  test  the  availability  ot  methods  rather 
han  to  reduce  the  results  to  extreme  fineness.  The  manometer  is  in 
ir,  screened,  however,  from  the  furnace  by  a  thick  board  and  at  some 
istance  from  it.  v0  denotes  the  volume  of  the  bulb,  and  t  is  the  fidu- 
ial  temperature  for  the  day.  The  bulbs  are  of  the  re-entrant  form, 
ot  glazed  internally.  V\  and  T2  are  the  volume  and  the  temperature, 
espectively,  of  the  air  measured  in  the  manometer  tube  B  G  (Fig.  40). 
?0  is  the  current  barometric  height.  Tis  the  temperature  of  the  bulb 
,t  the  time  specified,  all  observations  being  made  in  time  series. 

Thermo  electric  data  are  given  on  the  same  plan  as  above,  t  is  the 
emperature  of  the  cold  junction,  e20  the  electro- motive  torce  when  the 
old  junction  is  20°  C.  at  the  time  specified.  The  figures  of  the  last 
olumn  refer  to  quantity  of  gas  injected,  as  indicated  by  an  arbitrary 
cale. 

In  Table  58  Tx  was  read  off  by  but  a  single  thermometer,  and  T  is 
herefore  less  accurate.  In  Table  59  the  thermo-couple  had  to  be  taken 
ut  of  the  bulb  during  the  stage  of  cooling,  owing  to  an  accident  j  the 
rror  thus  produced  is  quite  perceptible.  The  results  in  the  remaining 
ables  were  obtained  without  accident. 

The  data  as  a  whole  (Tables  58  to  66)  may  be  divided  into  two  groups, 
n  the  first  of  these  (Tables  58  to  61)  the  results  are  obtained  with  the 
e- entrant  bulb  No.  1,  and  the  thermo-couple  No.  37.  These  data  are 
>robably  less  accurate  than  the  more  complete  series  of  the  second 
roup  (Tables  62  to  66)  in  which  the  results  are  obtained  with  the  re- 
ntrant  bulb  No.  2  and  the  thermo-couples  Nos.  37,  38,  39.  The  greater 
bccuracy  in  the  latter  series  of  data  is  due  to  the  fact  that  corrections 
ire  duly  applied  for  the  permanent  contraction  or  dilatation  of  the  por- 
celain bulb  from  measurements  made  after  each  heating.  The  method 
)y  which  this  may  be  done  with  extreme  accuracy  will  be  indicated 
>elow  (p.  233). 

Tables  58  to  61  contain  the  four  series  of  observations  classified  under 
jroup  I. 
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Table  58. — Comparison  of  air  thermometer  and  thermo-couple.    Series  I.     Method  of  cot 

stant  pressure. 


Re-entrant  bulb  No.  1.    vo  = 

-280°.    t 

=  19°.  6. 

Thermo-couple  No.  37. 

Vi 

T, 

.Bo 

T 

Time. 

t 

do 

Time. 

Gas- 
cock. 

cc. 

OQ. 

cm. 

°C. 

hours. 

°G. 

microvolt. 

hours. 

152.0 

23.5 

76.36 

369 

2.73 

21.4 

3454 

2.70 

2 

157.0 

23.9 

76.36 

394 

2.92 

21.7 

3791 

2.88 

2 

1G0.  0 

23.8 

76.36 

411 

3. 13 

22.1 

4076 

3.17 

o 

161.  0 

23.9 

76.36 

416 

3.30 

22.4 

4109 

3.27 

2 

162.0 

23.9 

76.30 

422 

3.50 

22.  6 

4189 

3.45 

2 

203.2 

24.9 

76.36 

781 

3.98 

23.1 

8440 

3.90 

3 

206.6 

25.0 

76.36 

827 

4.12 

23.6 

9226 

4.03 

3 

207.2 

25.0 

76.36 

836 

4.25 

23.8 

9757 

4.20 

3 

209.0 

25.0 

76.36 

863 

4.45 

23.8 

9981 

4.  33 

3 

209.0 

25.0 

76.36 

863 

4.50 

24.6 

10126 

4.48 

3 

Table  59. — Comparison  of  air  thermometer  and  thermo-couple.    Series  II.    Method  of  con 

slant  pressure. 


Re-entrant  bulb  No.  1.    vo  = 

=  280°.    t 

=  18°.6. 

Thermo-couple  No.  37. 

Vi 

T, 

Bo 

T 

Time. 

t 

do 

Time. 

Gas- 
cock. 

cc. 

0(7. 

cm. 

°a 

hours. 

°C. 

microvolt. 

hours. 

191.5 

25.  7 

76.01 

607 

1.09 

23.6 

6454 

1.09 

3 

197.2 

26.0 

76.01 

661 

1.28 

23,6 

7152 

1.20 

3 

203.7 

26.8 

76.01 

728 

1.73 

24.6 

7857 

1.33  |  3 

203.5 

27.0 

76.01 

724 

1.78 

24.9 

8276 

1.70     3 

203.4 

27.1 

76.01 

722 

1.83 

25.4 

8280 

1.75     3 

25.6 

8234 

1.83 

3 

209.0 

27.4 

75.  96 

788 

2.03 

26.1 

9404 

2.07 

3.5 

211.2 

27.5 

75.96 

818 

2.18 

26.6 

9699 

2.22 

3.5 

211.6 

2707 

75.96 

822 

2.35 

26.6 

9743 

2.30 

3.5 

218.4 

28.1 

75.96 

923 

2.60 

27.6 

11204 

2.  58 

3.7 

219.0 

28.2 

75.96 

932 

2.77 

27.6 

11318 

2.68 

3.7 

219.  0 

28.4 

75.96 

928 

2.92 

28.1 
28.6 

11319 
11354 

2.80 
3.00 

3.7 
3.7 

210.5 

27.9 

75.95 

803 

3.  20 

29.4 

8961 

3.25 

205.1 

27.6 

75.95 

737 

3.30 

29.1 

8040 

3.35 

201.0 

27.4 

75.  95 

690 

3.43 

29.3 

7175 

3.48 

&a 

190.0 

27.1 

75.  95 

583 

3.63 

29.4 

-  6122 

3.68 

o 

r  ee 

O 

180.8 

26.8 

75.95 

511 

3.87 

29.4 

5179 

3.92 

167.5 

26.4 

75.95 

425 

4.17 

29.4 

4234 

4.20 

138.0 

25.5 

75.95 

289 

4.92 

28.  6 

2574 

4.98 

1 

132.9 

25.3 

75.95 

270 

5.  05 

28.6 

2528 

5.00 

i 
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^able  60.— Comparison  of  air  thermometer  and  thermo-couple.     Series  TIL     Method  of 

constant  pressure. 


Re-entrant  bulb  No.  1.    vo 

=  280.    U 

=  13.8°. 

Thermo-couple  No.  37. 

Vi 

1\ 

2?o 

T 

Time. 

t 

020 

Time. 

cock. 

cc. 

°<7. 

cm. 

°C. 

hours. 

°0. 

microvolt. 

hours. 

150.0 

24.3 

74.  90 

322 

1.17 

22.4 

2886 

1.15 

•2 

164.6 

24.7 

74.96 

390 

1.  33 

22.6 

3543 

1.25 

2 

172.5 

25.  1 

74.96 

434 

1.62 

23.1 

4302 

1.  55 

o 

173.  5 

25.2 

74.96 

439 

1.67 

23.4 

4445 

1.65 

2 

176.4 

25.5 

71.  DO 

456 

1. 95 

23.6 

4690 

1.87 

o 

176  1 

25.5 

74.  90 

455 

2.  03 

23.8 

4673 

2.00 

2 

198.7 

25.7 

74.98 

633 

2.92 

25.6 

6654 

2.87 

3 

202.  4 

25.1 

74.98 

671 

3.00 

25.8 

7474 

2.97 

3 

205.  5 

25.8 

74.98 

704 

3.15 

26.1 

8117 

3.18 

3 

206.  0 

26.0 

74.98 

709 

3.  22 

26.3 

8278 

3.33 

3 

207.0 
215.4 

26.0 
26.2 

74.98 
75.06 

720 
840 

3.37 

3.58 

26.6 

9582 

3.55 

3.5 

218.8 

26.3 

75.06 

891 

3.73 

26.8 

10209 

3.63 

3.  5 

220.  5 

2G.4 

75.06 

918 

3.98 

27.2 

11038 . 

3.92 

3.5 

221. 1 

26.5 

75.06 

928 

4.12 

27.6 

11157 

4.03 

3.5 

223.3 

26.7 

75.09 

958 

4.28 

27.8 

11632 

4.24 

3.7 

224. 3 

27.0 

75.09 

972 

4.  35 

27.8 

11952 

4.32 

3.7 

225.3 

27.0 

75. 09 

991 

4.49 

28.2 

12290 

4.46 

3.7 

225.5 

27.0 

75.09 

994 

4.62 

28.4 

12328 

4.57 

3.7 

225.5 

27.1 

75.09 

994 

4.67 

28.6 

12363 

4.63 

3.7 

222.  5 

26.9 

75.12 

943 

4.83 

28.6 

12288 

4.77 

1 

204.6 

25.8 

75.12 

700 

5.19 

28.9 

9515 

5.00 

195.5 

25.9 

75. 12 

606 

5.41 

29.0 

7691 

5.23 

183.8 

26.0 

75.12 

509 

5.70 

29.1 

6436 

5.45 

175.7 

25.8 

75.12 

455 

5.88 

29.1 

5660 

5.63 

5« 

160.5 

25.5 

75. 12 

370 

6.27 

29.1 

5126 

5.77 

03 

150.9 

25.6 

75.12 

325 

6.  52 

28.8 

3779 

6.22 

147.8 

25.6 

75.12 

319 

6.61 

28.6 

3573 

6.32 

i 

144.6 

25.5 

75.12 

300 

6.68 

28.6 
28.6 

3043 

2795 

6.57 
6.70 

1 
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Tablk61. — Comparison  of  air  thermometer  and  thermo-couple.     Series  IV.     Method  i 

constant  pressure. 


Re-entrant  bulb  No.  1.    vu 

=  280.    t 

=15.  7°. 

Thermo-couple  No.  37. 

F, 

^i 

Bo 

T 

Time. 

t 

620 

Time. 

Gas- 
cock. 

cc. 

°G. 

cm. 

°C. 

Jiours. 

°C. 

microvolt 

hours. 

139.2 

23.5 

75.57 

288 

1.20 

21.6 

2480 

1.18 

2 

149.3 

23.6 

75.  57 

330 

•    1.  30  " 

21.6 

2952 

1.27 

2 

157.0 

24.0 

75.57 

364 

1.48 

21.8 

3376 

1.42 

2 

158.6 

24.0 

75.57 

372 

1.55 

22.0 

3579 

1.52 

2 

161.  G 

24.1 

75.57 

387 

1.75 

22.4 

3781 

1.68 

2 

162. 1 

24.  1 

75.    7 

390 

1.82 

22.6 

3836 

1.77 

2 

173.5 

24.5 

75.  55 

455 

2.02 

23.0 

4295 

1.97 

2.5 

179.4 

24.7 

75.55 

494 

2.12 

23.2 

4961 

2.03 

2.5 

184.5 

24.7 

75.  55 

532 

2.28 

23*6 

5602 

2.27 

2.5 

186.0 

24.8 

75.  55 

543 

2.43 

23.7 

5729 

2.35 

2.5 

194.3 

24.9 

75.58 

616 

2.62 

24.4 

6418 

2.57 

2.7 

197.0 

25.1 

75.  58 

641 

2.68 

24.6 

7386 

2.73 

2.7 

202.  0 

25.2 

75.58 

693 

2.97 

24.8 

7783 

2.90 

2.7 

203.0 

25.3. 

75.  58 

704 

3.07 

25.1 

8001 

3.02 

2.7 

208.5 

25.5 

75.  59 

770 

3.32 

25.6 

8761 

3.27 

3.0 

210.8 

25.6 

75.59 

801 

3.47 

25.8 

9277 

3.40 

3.0 

212.4 

25.9 

75.59 

819 

3.67 

26.1 

9691 

3.62 

3.0 

215.2 

26.0 

75.61 

801 

3.87 

26.6 

10193 

3.83 

3.3 

216.  4 

26.2 

75.61 

879 

3.98 

26.7 

10490 

3.93 

3.3 

218.8 

26.4 

75.61 

914 

4.13 

27.1 

11023 

4.10 

3.5 

219.7 

2G.4 

75.61 

930 

4.22 

27.2 

11366 

4.18 

3.5 

220.9 

26.5 

75.  61 

950 

4.38 

27.4 

11675 

4.32 

3.5 

221.2 

26.5 

75.61 

956 

4.48 

27.6 

11803 

4.43 

3.5 

221.  5 

26.9 

75.61 

957 

4.70 

27.1 

11869 

4.67 

3.5 

215.7 

26.4 

75.68 

868 

4.84 

28.2 

11589 

4.76 

210.1 

26.1 

75.68 

790 

4.97 

28.4 

9998 

4.90 

205.1 

25.8 

75.68 

729 

5.07 

28.5 

8801 

5.02 

200.1 

25.4 

75.68 

675 

5.17 

28.6 

8146 

5.10 

194.9 

25.5 

75.  68 

621 

5.  28 

28.6 

7329 

5.22 

sri 

190.0 

25.4 

75.68 

577 

5.40 

28.6 

6108 

5.45 

184.4 

25.5 

75.73 

525 

5.55 

28.6 

5501 

5.59 

180.0 

25.5 

75.73 

500 

5.  65 

28.6 

5003 

5.73 

163.  8 

24.2 

75.  73 

402 

6.03 

28.4 

3826 

6.12 

155.2 

23.9 

75.73 

359 

6.25 

28.2 

3460 

6.28 

i 

Tables  62  to  66,  exhibit  the  five  series  of  observations  classified  as 
Group  II.  The  last  of  these  series  (No.  V)  contains  data  for  the  meas- 
urement of  the  coefficient  of  expansion  of  the  porcelain  bulb.  The! 
method  by  which  such  data  may  be  utilized  is  explained  below  oil 
page  236. 
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'ABLE  62.— Comparison  of  air  thermometer  and  thermo-couple.     Series  I.   Method  of  con- 
stant pressure. 


Re-entrant  bulb  No.  2. 

vo=28G. 

«=16°. 

Tl 
No. 

ermo-couples  Nos. 

37,  39. 

Yi 

Tx 

m 

T 

Time. 

t 

e-zvi 

Time. 

cc. 

°<7. 

cm. 

°o. 

hours. 

oO. 

microvolt. 

hours. 

154.5 

21.6 

77.17 

359 

1.15 

37 

20.0 

3521 

1.22 

157.4 

21.7 

77.17 

373 

1.28 

37 

20.1 

3642 

1.32 

158.8 

22.0 

77.17 

379 

1.38 

37 

20.6 

3747 

1.43 

160.1 

22.2 

77.17 

385 

1.52 

37 

20.8 

3780 

1.57 

161.8 

22.5 

77.  17 

393 

1.85 

39 

21.1 

3837 

1.80 

162.3 

22.6 

77.17 

396 

1.97 

39 

21.2 

3872 

1.90 

202.9 

23.8 

77.13 

703 

2.52 

39 

22.6 

7742 

|     2.42 

205.0 

24.4 

77.13 

733 

2.80 

39 

22.8 

8118 

2.58 

206.2 

25.0 

77.13 

744 

2.95 

39 

23.4 

8408 

!     2.88 

208.0 

26.0 

77. 13 

758 

3.23 

37 

24.6 

8791 

3.37 

208.7 

26.5 

77.13 

762 

3.50 

37 

25. 1 

8795 

3.55 

208.9 

26.6 

77.  13 

763 

3.63 

37 

25.6 

8799 

3.68 

216.0 

26.5 

'    77.14 

866 

3.90 

37 

26.4 

10644 

3.98 

219.2 

27.1 

.   77.14 

910 

4.07 

37 

26.6 

11000 

4.13 

220.2 

27.1 

77.14 

928 

4.19 

37 

27.0 

11140 

4.23 

220.8 

27.1 

77.14 

938 

4.57 

39 

27.7 

11088 

4.60 

220.5 

27.2 

77.14 

931 

4.65 

39 

27.9 

11063 

4.67 

220.4 
223.  8 

27.4 

28.8 

77.14 
77.16 

927 

972 

4.75 
5.  32 

39 

28.8 

12125 

5.22 

224.7 

28.5 

77.16 

991 

5.50 

39 

29.1 

12113 

5.40 

225.8 

28.1- 

77.10 

1019 

5.65 

39 

29.5 

12476 

5.62 

223.3 

28.7 

77.16 

963 

6. 10 

37 

30.2 

11830 

6.05 

222.6 

28.7 

77.16 

949 

6.21 

37 

30.4 

11552 

6.17 

222.2 

28.1 

77.18 

952 

6.30 

37 

30.6 

11400 

6.25 

215.2 

27.7 

77.18 

842 

6.63 

37 

30.6 

11057 

6.51 

210.  4 

27.  3 

77.18 

779 

6.73 

37 

30.6 

9204 

6.70 

205.9 

27.2 

77.18 

724  ! 

6.  82 

37 

30.6 

8500 

6.77 

200.5 

27.0 

77.18 

665 

6.93 

37 

30.8 

7896 

6.86 

194.  4 

26.8 

77. 18 

600  ' 

7.08 

37 

30.8 

7131 

6.98 

189.9 

26.7 

77.  19 

567  1 

7.18 

37 

30.7 

6319 

7.13 

185.  0 

26.5 

77.19 

529 

7.30 

37 

30.6 

5821 

7.21 

180.0 

26.4 

77.19 

493  ! 

7.43 

37 

30.  5 

5398 

7.35 

175.2 

26.4 

77.19 

460 

7.  54 

37 

30.4 

5032 

7.44 

170.1 

26.1 

77.19 

430 

7.67 

37 

30.1 

4138 

7.73 

165.2 

26.0 

77.19 

402 

7.  SO 

37 

30.0 

3853 

7.83 

159.8 

25.7 

77.19 

375 

7.92 

37 

29.8 

3560 

7.96 

154.  7 

25.7 

77.19 

351 

8.04 

37 

29.8 

3291 

8.08 

150.1 

25.7 

77.23 

330 

8.17 
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Table  63. — Comparison  of  air  thermometer  and  thermo-couple.     Series  II.    Method  ii 

constant  pressure. 


Re-entrant  bulb  No.  2.   v0 

=  286.    t 

=  14°.  7. 

1 

Tkerino- 

couple  No. 

37. 

Vi 

Ti 

i'o 

T 

Time. 

No. 

t 

^20 

Time. 

cc. 

°C. 

cm. 

°a 

hours. 

°C. 

microvolt. 

hours. 

223.7 

24.7 

77.14 

1021 

2.18 

37 

22.1 

12654 

2.22 

225.4 

25.2 

77.14 

1048 

2.30 

37 

22.6 

13095 

2.38 

227.0 

25.6 

77.14 

1075 

2.47 

37 

23.6 

13341 

2.53 

227.5 

25.9 

77.14 

1080 

2.60 

37 

23.8 

13372 

2.63 

224.8 

25.8 

77.14 

1027 

2.77 

37 

24.6 

11592 

2.82 

219.8 

25.7 

77.14 

934 

2.85 

37 

24.8 

10479 

2.92 

214.9 

25.3 

77.14 

858 

2.95 

37 

25.1 

9560 

3.00 

210.1 

25.3 

77.14 

789 

3.04 

37 

25.5 

8793 

3.08 

205.2 

25.3 

77.14 

726 

3.15 

37 

25.8 

7997 

3.18 

200.3 

25.2 

77.14 

671 

3.25 

37 

25.8 

7326 

3.28 

195.0 

25.1 

77.13 

618 

3.38 

37 

26.2 

6662 

3.40 

190.2 

24.8 

77.13 

575 

3.49 

37 

26.4 

6106 

3.52 

185.1 

24.7 

77.13 

534 

3.62 

37 

26.6 

5444 

3.67 

180.4 

24.6 

77.13 

499 

3.73 

37 

26.5 

5067 

3.77 

175.0 

24.4 

77.13 

462 

3.  85 

37 

26.6 

4643 

3.90 

170.0 

23.8 

77.14 

433 

3.97 

Table  64. — Comparison  of  air  thermometer  and    thermo-couple.     Series  III.    Method  4 

constant  pressure. 


Re-entrant  bulb  No.  2.     v{ 

=  279. 

<=133. 

Thermo-couple  No.  39. 

Vi 

T, 

B0 

T 

Time. 
hours. 

t 

e-2o 

Time. 

Gas- 
cock. 

cc. 

°C. 

cm. 

°C. 

°C. 

microvolt. 

hours. 

223.  5 

23.9 

76.62 

989 

2.58 

21.4 

11544 

2.48 

4 

224.9 

23.8 

76.62 

1019 

2.73 

21.7 

12198 

2.66 

4 

225.5 

24.0 

76.62 

1028 

2.83 

22.2 

12509 

2.78 

4 

226.7 

24.1 

76.62 

1051 

3.02 

22.4 

12710 

2.90 

4 

227.  0 

24.3 

76.62 

1055 

3. 12 

22.8 

12909 

3.07 

4 

224.8 

23.8 

76.60 

1017 

3.27 

24.1 

11567 

3.33 

) 

220.0 

23.6 

76.60 

929 

3.37 

24.1 

10453 

3.42 

214.8 

23.4 

76.60 

846 

3.47 

24.2 

9536 

3.50 

209.8 

23.2 

76.60 

778 

3.56 

24.6 

8769 

3.57 

205.2 

23.0 

76.60 

721 

3.65 

24.8 

7454 

3.75 

SB 
1     o 

200.0 

22.8 

76.60 

664 

3.77 

24.9 

7067 

3.82 

195.2 

22.7 

76.60 

616 

3.87 

25.1 

6443 

3.93 

190.4 

22.6 

76.60 

573 

3.99 

25.2 

5920 

4.05 

184.8 

22.4 

76.60 

527 

4.13 

25.3 

5343 

4.18 

180.4 

22.5 

76.60 

494 

4.23 

25.2 

4977 

4.28 

175.1 

22.5 

76.60 

458 

4.37 

25.1 

4564 

4.41 

170.0 

22.4 

76.  GO 

426 

4.48 

25.1 

4214 

4.52 

J 

165.2 

22.4 

70.62 

403 

4.60 
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ABLE   65.- 


■  Comparison  of  air  thermometer  and  thermo-couple, 
constant  pressure. 


Scries  IV.    Method  of 


Re-entrant  bulb  No.  2.    v0 

=  279.    t 

=  10°.4. 

Thermo-coup] 

e  No.  37. 

Vi 

Ti 

Ba 

T 

Time. 

t 

e™ 

Time. 

Gas- 
cock. 

cc. 

°C. 

cm. 

°G. 

hours. 

°C. 

microvolt. 

hours. 

227.8 

27.2 

76.  01 

976 

2.37 

25.6 

12027 

2.43 

4 

228.5 

27.3 

76.01 

990 

2.47 

25.8 

12096 

»     2.50 

4 

228.6 

27.4 

76.01 

990 

2.53 

25.9 

12133 

2.57 

4 

229.0 

27.6 

76.01 

995 

2.58 

26.0 

12168 

2.60 

4 

225.0 

27.5 

76.01 

923 

2.76 

26.3 

11586 

2.73 

1 

220.  2 

27.4 

76.  00 

847 

2.85 

26.6 

10374 

2.82 

214.8 

27.3 

76.00 

773 

2.95 

27.0 

9560 

2.89 

210.0 

27.2 

76.00 

714 

3.05 

27.2 

8791 

2.97 

204.9 

27.1 

76.00 

659 

3.15 

27.4 

7845 

3.08 

199.8 

27.0 

76.00 

609 

3.27 

27.6 

7091 

3.20 

fa 
.   © 

195.2 

26.9 

76.00 

569 

3.38 

27.8 

6467 

3.32 

190.5 

26.8 

76.01 

531 

3.50 

28.1 

5945 

3.43 

O 

185.0 

26.7 

76.01 

490 

3.63 

28.2 

5503 

3.53 

180.2 

26.6 

76.01 

459 

3.75 

28.4 

5040 

3.66 

174.8 

26.4 

*  76.01 

427 

3.87 

28.4 

4593 

3.79 

170.3 

26.3 

75.98 

402 

3.98 

28.4 

4163 

3.93 

J 

Comparison  of  air  thermometer  and    thermo-couple.    Series  V.     Method  of 
constant  pressure. 


Re-entrant  bulb  No.  2.    v0 

=  279. 

t  =  10°. 

Thermo-couple  No.  38. 

F, 

T, 

Bt 

T 

Time. 

t 

e-2o 

Time. 

Gas- 
cock. 

cc. 

°a 

cm. 

o(7. 

hours. 

°<7. 

microvolt. 

hours. 

182.  8 

18.8 

76.25 

512 

11.26 

16.6 

5093 

11.17 

2.5 

184.8 

18.8 

76.25 

526 

11.34 

17.0 

5490 

11.  30 

2.5 

189.9 

19.3 

76.20 

565 

11.  67 

17.4 

5851 

11.  51 

2.5 

190.5 

19.  4 

76.20 

568 

11.75 

18.6 

6040 

12.07 

2.5 

105.6 

20.1 

107.  64 

11.88 

19.6 

6132 

12.48 

2.5 

190.0 

19.7 

76.15 

560 

12.05 

*>0.4 

8083 

12.77 

3.0 

105.8 

20.4 

107.  57 

12.  27 

20.8 

8638 

1.01 

3.0 

191.2 

■     20. 3 

76.12 

567 

12.42 

21.  2 

8781 

1.19 

3.0 

208.0 

21.1 

76.06 

734 

12.88 

21.6 

8856 

1.31 

3.0 

209.0 

21.5 

76.  06 

742 

12.95 

22.1 

9004 

1.61 

3.0 

211.0 

22.0 

70.  00 

760 

1.28 

22.6 

9012 

1.83 

3.0 

212.  8 

22.  5 



774 

1.82 

23.6 

11561 

2.37 

3.7 

225.4 

23.5 

75.  92 

958 

2.42 

23.8 

11880 

2.  50 

3.7 

226.5 
121.4 

23.  6 
24.6 

978 

2.57 
2.  83 

23.8 
24.6 

11998 
12203 

2.62 
2.87 

3.7 
3.7 

118.50 

228.2 

24.2 

118.  50 

1002 

2.97 

24.  8 

12328 

3.00 

3.7 

125.  2 

25.1 

116.  72 

3.17 

25.1 

12366 

3.22 

3.7 

228.9 

24.3 

75.85 

1006 

3.27 

25.4 

12553 

3.38 

3.7 
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■Comparison  of  air  thermometer  and  thermo-couple, 
constant  pressure — Continued. 


Ser 


[BULL,  i 


V.     Method 


Re-entrant  bulb  No.  2.     v( 

=  279. 

£  =  10°. 

Th 

srmo-coupl 

e  No.  38. 

"F, 

T, 

Bt 

T 

Time. 

T 

ew 

Time. 

Gas 
cock. 

cc. 

°a 

cm. 

°C 

hours. 

o(7. 

microvolt. 

hours. 

225.0 

24.3 

75.54 

935 

3.53 

25.4 

12439 

3.45 

1 

219.6 

23?7 

75.54 

852 

3.64 

25.6 

10991 

3.57 

215.1 

23.5 

75.  54 

790 

3.73 

25.8 

9893 

3.66 

209.6 

23.3 

75.54 

722 

3.84 

25.8 

8991 

3.75 

205.0 

23.  C 

75.  56 

671 

3.94 

25.8 

8126 

3.86 

200.0 

22.7 

75.56 

622 

4.06 

25.8 

7309 

3.98 

o 

>  to 

195.1 

22.3 

75.56 

579 

4.18 

25.8 

6642 

4.10 

190.1 

22.0 

75.56 

539 

4.31 

25.6 

6085 

4.23 

O 

184.9 

21.6 

75.57 

501 

4.42 

25.0 

5480 

4.37 

179.9 

21.2 

75.57 

467 

4.53 

25.4 

5096 

4.47 

175.  0 

21.2 

75.57 

.  436 

4.66 

25.3 

4763 

4.56 

170.0 

21.5 

75.54 

405 

4.78 

25.2 
25.1 

4382 
4134 

4.68 
4.77 

) 

The  results  of  these  tables  were  constructed  graphically  by  reprr 
senting  on  the  same  sheet  Tand  e^  respectively,  as  functions  of  timit 
For  the  pairs  of  curves  thus  obtained  it  is  easy  to  select  data  for  th u 
construction  of  e2o  as  a  function  of  T  with  a  degree  of  accuracy  consiss 
eut  with  the  accuracy  of  measurement.  Such  data  are  enumerated  i 
Tables  67  to  70,  which  correspond,  respectively,  to  the  four  tables  jufc 
described. 

It  is  perhaps  well  to  remark  that  generally  the  interpolations  art 
made  linearly.  This  involves  less  assumption  and  less  work  thai 
other  graphic  methods,  and  the  points  are  sufficiently  near  together  ti 
make  it  available. 

Tables  67  to  70  correspond  to  the  data  of  Group  I,  Tables  58  to  6T»| 

Table  67. — Corresponding  to  Table  58. 


Series 

I.— Re-entrant  bulb  No.  1 

No. 

T 

020 

No.  !        T 

030 

37 

370 

3530 

37 

780 

8950 

37 

390 

3810 

37 

800 

9200 

37 

400 

3940 

37 

820 

9470 

37 

410 

4050 

37 

840 

9770 

37 

420 

4170 

37 

850 

9940 

- 

37 

860 

10100 
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Series  H 

—Re-entrant  bulb  No.] . 

No. 

T 

620 

No. 

T 

«jo 

i  No. 

T 

e2o 

37 

610 

6520 

37 

824 

9740 

37 

600 

6430 

37 

640 

7160 

37 

920 

11200 

37 

550 

5820 

37 

667 

7700 

37 

930 

11300 

37 

500 

5220 

37 

720 

8290 

37 

933 

11330 

37 

450 

4640 

37 

727 

8270 

37 

750  ;    8580 

37 

400 

4030 

37 

800 

9410 

37 

700     7820 

37 

350 

3420 

37 

820 

9660 

37 

650     7100 

37 

300 

2800 

Tablk 


■Corresponding  to  Table  60. 


Series  III.- 

-Reentrant  bulb  No.  1. 

No. 

T 

620 

No. 

T 

<??o 

No. 

T 

620 

37 

330 

3120 

37 

860 

10200 

37 

800 

9320 

37 

360 

3500 

37 

880 

10500 

37 

750 

8640 

37 

425 

4300 

37 

900 

10800 

37 

700 

7960 

37 

440 

4460 

37 

920 

11150 

37 

650 

7250 

37 

453 

4660 

37 

960 

11850 

37 

600 

6550 

37 

630 

7100 

37 

980 

12170 

37 

550 

5880 

37 

660 

7500 

37 

990 

12340 

37 

500 

5280 

37 

690 

7860 

37 

994 

12370 

37 

450 

4700 

37 

710 

8160 

37 

950 

11580 

37 

400 

4080 

37 

718 

8270 

37 

900 

10760 

37 

350 

3420 

37 

840 

9840 

37 

850 

10040 

37 

300 

2840 

Table  70. — Corresponding  to  Table  61. 


Series  IV.— Re-entrant  bulb  No.  1. 

No. 

T 

620 

No. 

T 

620 

No. 

T 

620 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

330 
350 
370 
390 
480 
500 
520 
540 
640 
660 
680 

3010 
3330 
3620 
3850 
4960 
5220 
5470 
5740 
7200 
7430 
7680 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

700 
770 
790 
810 
815 
870 
890 
910 
930 
950 
957 

8050 
9000 
9280 
9550 
9650 
10520 
10860 
11170 
11470 
11760 
11860 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

850 
800 
750 
700 
650 
600 
550 
500 
450 
400 
350 

10320 
9470 
8670 
7970 
7340 
6660 
5970 
5280 
4650 
4020 
3430 

tThe  series  of  Tables  71  to  75  correspond  to  the  data  of  Group  II, 
bles  62  to  m. 

(879) 
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Table  71. — Corresponding  to  Table  62. 


Series  I. 

No. 

020 

T 

No. 

020 

T 

No. 

ejo 

T 

microvolt. 

°G. 

microvolt. 

°C. 

microvolt. 

°a 

37 
37 

3440 

3570 

359 
373 

37 
37 

10640 
10850 

895 
910 

37 
37 

842 
779 

8900 

37 

3700 

379 

37 

11080 

928 

37 

8160 

724 

37 

3770 

385 

39 

11090 

938 

37 

7450 

665 

39 

3850 

393 

39 

11070 

931 

37 

6580 

606 

39 

3900 

396 

39 

11050 

927 

37 

6080 

567 

39 

7970 

703 

39 

12120 

972 

37 

5590 

529 

39 

8340 

733 

39 

12290 

991 

37 

5060 

493 

39 

8470 

744 

39 

12440 

1019 

37 

4730 

460 

37 

8070 

758 

37 

11720 

963 

37 

4330 

430 

37 

8800 

762 

37 

11470 

949 

37 

3940 

402 

37 

8800 

763 

37 

11400 

952 

37 
37 
37 

3660 
3370 

375 
351 
330 

Table  72.—  Corresponding  to  Tables  63,  64,  65. 


Series  II. 

Series  III. 

Series  IV. 

No. 

020 

T 

No. 

020 

T 

No. 

020 

T 

microvolt. 

°C. 

microvolt. 

°C. 

microvolt. 

°0. 

37 

12650 

1030 

39 

11900 

989 

37 

12040 

985 

37 

12870 

1048 

39 

12370 

1019 

37 

12060 

990 

37 

13250 

1075 

39 

12590 

1028 

37 

12110 

990 

37 

13360 

1080 

39 

12850 

1051 

37 

12140 

995 

37 

11250 

934 

39 

12910 

1054 

37 

11120 

923 

37 

10150 

858 

39 

11570 

965 

37 

10040 

847 

37 

9170 

789 

39 

11080 

929 

37 

8970 

773 

37 

8240 

726 

39 

9880 

846 

37 

8110 

714 

37 

7540 

671 

39 

8880 

778 

37 

7410 

659 

37 

6780 

618 

39 

8180 

721 

37 

6740 

609 

37 

6250 

575 

39 

7350 

664 

37 

6180 

569 

37 

5660 

534 

39 

6780 

616 

37 

5640 

531 

37 

5220 

499 

39 

6170 

573 

37 

5140 

490 

37 

4820 

462 

39 

5550 

527 

37 

4740 

459 

37 

433 

39 

5150 

494 

37 

4350 

427 

39 

4700 

458 

37 

4140 

413 

39 

4350 

426 

39 

403 
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Series  V 

No. 

£20 

T 

No. 

e2o 

T 

No. 

620 

T 

microvolt. 

°ft 

microvolt. 

oft 

microvolt. 

°ft 

38 

5370 

512 

38 

9030' 

774 

38 

7580 

671 

38 

5560 

526 

38 

11700 

958 

38 

6860 

622 

38 

5900 

565 

38 

11950 

978 

38 

6300 

579 

38 

5930 

568 

38 

12300 

1002 

38 

5740 

539 

38 

6030 

560 

38 

12430 

1006 

38 

5290 

501 

38 

6100 

567 

38 

11470 

935 

38 

4880 

467 

38 

8340 

734 

38 

10130 

852 

38 

4450 

436 

38 

8500 

742 

38 

9190 

790 

38 

4100 

405 

38 

8850 

760 

38 

8270 

722 

raphio  digests. — The  results  of  these  four  tables  may  be  platted 
iphically  by  making  e2{)  a  function  of  T.     This  is  done  in  Figs.  41  and 

which  may  be  said  to  be  the  final  result  of  the  calibration  problem 
hand.  Fig.  41  contains  the  data  of  Group  I,  Fig.  42  the  data  of  Group 
In  Fig.  41  numerals  inserted  show  the  series  to  which  the  point  of 
;ervation  refers.  If  temperature  be  increasing  (heating)  the  numeral 
daced  above  the  point;  if  temperature  be  decreasing  (cooling)  the 
neral  is  below  the  point.     In  Fig.  42  similar  distinctions  are  carried 

by  caudal  dashes.  For  increasing  temperature  these  point  upward 
to  the  right ;   for  decreasing  temperature  downward  or  to  the  left. 

CONSTANT-PRESSURE   THERMOMETER— DISCUSSION. 

Errors  of  measurement  in  general. — The  discussion  of  the  data,  Tables 
to  75,  may  expediently  be  introduced  by  an  analysis  of  the  effect  of 
ors.  The  divers  quantities,  which  enter  saliently  into  the  equation, 
ived  for  constant- pressure  air  thermometry,  are  here 


t7Th 


Vi 
T9 


H         Q 


which  may  be  added  M  and  S.  As  above,  the  degree  of  absolute  ac- 
acy  with  which  they  are  to  be  measured  in  order  that  the  effect  on 
hay  not  exceed  1 :  1000,  follows  from  the  equation 


~  _dx 
6x~dT 


T 

1000 


ere  x  typifies  any  one  of  the  quantities  enumerated.  From  this  fol- 
the  subjoined  special  equations,  all  of  which  are  approximate,  and 
in  such  forms  as  will  best  facilitate  the  computation : 


6M-. 


1000(l  +  aZT 
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^^TOOO  {l  +  aT)2=  ~6M 

(l+atf        T      __(l+aty 
0l~    1000     (1  +  aT)2  a      0M 

*m_      (l+^i)2  T  v^  +  aTtfdM 


«""iooo  [/(To— /(*')]  (i+.«T)2--[/(ro- /(*')f j¥ 

ai;2  T  v2      SM 


6v 


lOWfiTJViil+aT)*-- l"/(T1)     F, 


tfa= 


1000 


*/) 


10001+ a  '/' 

V/^~1000/(f)  /(*)  2  -  iooo  V       i>  fit)  J  1 ) 

These  forms  have  a  more  general  importance,  inasmuch  as  they  sho^ 
what  correction  is  to  be  applied  to  T  to  compensate  for  unavoidable  o 
current  errors  of  any  of  the  special  quantities  to  which  the  formulae  r* 
fer.  Such  errors,  for  instance,  are  the  permanent  changes  of  volum 
of  the  porcelain  bulb  in  successive  heatings,  and  due  to  the  vitrificatil 
of  porcelain.    The  correction  to  be  applied  is 

6T=_fAI^  YAl+aTfdv. 
av2        v  ' 

Y\ 
It  is  well  to  remark  that  —  in   the  above  equations   has  approxi 

mately  the  value 

v~        /(T1)(l+a:T), 

since  for  the  present  purposes  t  and  Tx  may  be  supposed  identical 
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Fig.  42.— Chart  showing  the  variation  of  thermo-electromotive  force  (microvolts)  with  temperature. 
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(H/h)  must  be  derived  from  the  general  equation,  which,  after  differ- 

ltiation,  is  simplified  by  inserting  H=h. 

If  into  these  equations  we  introduce  mean  values,  such  as  /=20°, 

=20o7  ^=0.00367,  /?=0.000017 ;  if,  moreover,  we  insert  for  — *  the 

dues  which  may  be  taken  from  Tables  58  to  GO,  above,  then  the  said 
[uations  lead  to  the  following  tabular  comparison.  It  is  expedient  in 
Idition  to  the  absolute  values  of  the  divers  errors  dt,  STh  6VU  oV, 
,  da,  Sft,  6.H,  SM,  6S,  which  individually  influence  the  result  by 
1000,  to  give  also  the  relative  values  of  some  of  these  quantities,  or 
fain  the  error  of  the  ratios,  viz : 


6  ft 


d(r)'  'CO'  *(?)?  *(*)/*.«»**(«>/* 


Table  76. — Comparison  of  divers  errors  which  affect  the  result  one  pro  mille. 


From  this  table  of  errors  a  fully  satisfactory  inference  of  the  value 
the  experiments  made  can  be  obtained.  6  M  and  6  8  and  their  rel- 
ive values  are  primarily  of  interest.  ,They  indicate  the  degree  of 
ecision  with  which  the  logarithmic  calculations  must  be  made  in 
der  that  the  arithmetical  operations  may  be  consistent  with  the 
curacy  of  the  experimental  data.  6  M,  however,  has  further  im- 
Ttance,  inasmuch  as  this  factor  enters  into  most  of  the  formula'  for 
rors.  By  far  the  greater  number  of  these  may  therefore  be  made 
3re  elegant  and  more  practically  serviceable  by  introducing  6  M  in  the 
inner  shown  on  page  229. 

Regarding  the  introductory  measurements  v  the  volume  of  the  bulb 
&t  the  fiducial  temperature  it  appears  that  the  volumetric  method 
?  the  estimation  of  v  described  on  page  214  is  acceptable;  for  by  cau- 
)us  work  with  all   parts  at  the  same  temperature  a  mean  correct- 
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ness  of  about  0.1cc  in  a  series  of  measurements  is  quite  attainable.  Ot 
the  other  hand  the  determination  of-*,  by  inserting  a  good  mercury 
thermometer  into  the  re-entrant  tube  of  the  porcelain  bulb  while  thj 
apparatus  is  in  place  in  the  revolving  muffle,  is  less  satisfactory  than! 
is  convenient,*  but  in  a  series  of  three  or  four  such  measurements! 
mean  error  greater  than  0.5°  C.  is  improbable.  It  is  understood  thj 
it  has  not  been  my  object  in  this  paper  to  push  measurements  of  v  an 
t  to  the  extreme  fineness  desirable;  but  it  is  quite  clear  that  this  maj 
be  done  by  water  calibration  and  immersion  in  water. 

Greater  difficulty  is  encountered  as  we  approach  the  main  data  1 
measurement,  Fi,  Tu  R,  Since  Fx  must  be  measured  throughout  win 
an  accuracy  of  about  0.5CC,  it  is  obvious  at  once  that  stages  of  practical)] 
constant  temperature,  or  of  very  slow  heating  and  cooling,  are  necessad 
for  measurement.  This  is  attainable  in  the  revolving  muffle  very  pet 
fectly  by  proper  manipulation  of  the' graduated  faucet  for  gas  influl 
and  by  closing  all  apertures  of  the  furnace  during  cooliug.  With  dm 
care,  however,  the  measurement  of  variable  Vx  to  0.05cc  will  remain  I 
problem  of  nice  observation,  particularly  so  since  the  total  range  o 
variation  of  V\  is  nearly  235cc.  The  difficulty  is  increased,  inasmuch  ai 
Ti  must  be  known  to  0.1°  C;  hence  it  is  not  only  desirable  to  jackej 
the  tube  B  G  (Fig.  40)  with  a  current  of  circulating  water,  but  smal 
thermometers  adjusted  tvithin  the  calibrated  tube  in  such  a  way  as  t< 
indicate  the  temperature  of  the  air  inclosed  are  a  desideratum.  Fortu 
nately  the  hot  air  which  emerges  from  the  air  thermometer  may  be  conj 
pletely  cooled  after  passing  through  the  metallic  capillary  tubes.  I 
appears,  moreover,  that  150cm  of  platinum  capillary  tube  of  the  tiimel 
sions  given  in  Table  42  are  not  seriously  detrimental  in  producing  sligh; 
differences  of  pressure  in  the  bulb  and  manometer;  for  if  Vi  be  con 
structed  as  a  function  of  T  (thermo-electric)  by  aid  of  the  data  in  Table! 
58  to  66  it  will  be  seen  that  V\  obtained  during  the  stage  of  increasing 
temperatures  (i.  e.,  with  the  gas  on)  is  quite  the  same  as  the  correspond 
ing  V}  obtained  during  the  stage  of  decreasing  temperatures  (i.  e.,  during 
cooling),  caeteris  paribus.  This  is  a  crucial  test,  which  reflects  favora 
bly  on  the  method  as  a  whole.  Fortunately  the  value  of  U,  or  the  bar 
ometer,  is  sufficiently  given  if  measured  to  0.01cm.  This  is  not  011I3 
easily  done,  but  an  interval  of  pressure  of  0.01cm  is  larger  than  the  fric 
tion  of  the  gas  passing  through  the  capillary  tubes  can  maintain  for  anj 
interval  of  time  as  long  as  that  of  an  observation. 

The  magnitudes  of  the  corrective  term  8  have  already  been  referrec 
to.  It  is  seen  that  an  error  as  large  as  30  per  cent,  in  v'  is  withoul 
serious  effect  on  the  result.  In  like  manner  $  itself  is  sufficiently 
known  to  50  per  cent.  It  is  this  fortunate  result  which  makes  the  use 
of  a  compensator  a  questionable  desideratum ;  and  if  it  be  borne  ir 
mind  that  the  distribution  of  internal  fissures  is  usually  such  that  twfl 
stems  identical  externally  are  by  no  means  so  internally,  ijb  is  probable 
that  here  no  advantage  is  derived  from  the  compensator.    This  rem  art 
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•efers,  of  course,  to  apparatus  of  porcelain.  In  the  fire-clay  air  ther- 
mometer the  porosity  of  stem  will  doubtless  be  greater  and  the  com- 
pensator corrective  essential. 

Finally,  it  is  seen  that  /3  measured  correctly  within  5  per  cent,  is  sat- 
isfactory. Concerning  both  a  and  (3  much  that  has  been  said  above  is 
aere  applicable  (Cf.  page  198.) 

Accuracy  of  the  measurements  made. — After  this  tolerably  full  analy- 
sis of  possible  errors,  the  degree  of  certainty  with  which  the  present 
data  attest  the  excellence  of  this  method  of  air  thermometry  and  of 
pyrometric  comparison  employed  may  be  satisfactorily  discerned.  It 
is  expedient  to  use  the  graphic  tabulation  Figs.  41  and  42,  in  which  all 
the  data  in  question  have  been  inserted. 

Let  us  consider  the  result  for  Bulb  No.  1  first.  The  points  belong- 
ing to  the  divers  Series  I  to  IV  for  Bulb  I  are  marked  with  numerals; 
moreover,  when  temperature  increases  (gas  on)  the  numeral  is  placed 
above  the  point ;  when  temperature  decreases  (gas  off,  furnace  cooling) 
the  numeral  is  placed  below  the  point.  In  this  way  the  amount  of  in- 
formation contained  in  the  diagram  is  much  increased.  With  respect 
to  Series  I  the  remark  has  already  been  made  that  but  a  siugle  ther- 
mometer was  used  in  measuring  Tx .  Now,  the  temperature  of  a  room 
in  which  furnace  experiments  are  being  made  certainly  differs  in  tem- 
perature by  as  much  as  1°  for  a  vertical  height  as  great  as  B  G,  Fig. 
40  (150cm).  Hence  the  exceptionally  lateral  position  of  the  series  of 
points  marked  "1"  is  easily  accounted  for.  Nor  was  a  correction  ap- 
plied in  these  cases  for  permanent  variation  of  the  volume  v0.  Again, 
in  Series  II  an  accident  by  which  the  thermo-couple  was  withdrawn 
from  the  air-thermometer  bulb  cooled  the  electrical  apparatus  abnor- 
mally. This  occurred  during  the  stage  of  decreasing  temperature,  and 
the  lateral  position  of  certain  points  marked  "2"  on  the  diagram  is  also 
accounted  for.  The  remaining  points  are  grouped  in  close  proximity 
to  a  uniform  locus.  The  maximum  elongation  of  any  of  the  points,  2, 
3,  4,  in  question  is  not  greater  than  10°,  whereas,  as  a  rule,  this  differ- 
ence is  very  much  smaller.  At  the  outset  it  is  to  be  borne  in  mind 
that  into  this  aggregate  maximum  discrepancy  of  10°  are  crowded  all 
the  errors  of  the  thermo-electric  measurement,  to  say  nothing  of  the 
errors  incurred  by  the  double  graphic  interpolation  by  which  Fig.  41  was 
derived  from  the  individual  time  series  of  observations  of  e  and  T.  Of 
course,  results  of  this  kind  are  susceptible  to  great  improvement  if  the 
observations  are  made  by  a  number  of  observers  instead  of  by  one  ob- 
server only,  for  in  this  way  the  time  error  may  be  eliminated,  and 
observations  may  be  made  simultaneously.  Quite  apart  from  these 
considerations  an  error  of  10°  is  easily  incident  to  the  method  in  its 
present  stage  of  experimental  development.  However  carefully  the 
manometer  may  be  screened  from  the  furnace  an  error  in  Tx  of  0.2°  0., 
or  even  more,  is  not  improbable;  nor  was  the  attempt  made  to  measure 
Vx  with  greater  precision  than  0.1cc.     This  already  accounts  lor  half  of 
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the  observed  maximum  error,  apportioning  tlie  remaining  four  or  five} 
degrees  to  the  variety  of  discrepancies  already  enumerated,  to  which, 
may  be  further  added  changes  both  of  v,  the  capacity  of  the  bulb,  and 
of  /?,  due  to  vitrification  or  similar  progressive  change  of  the  substance] 
of  the  porcelain  during  successive  heatings ;  to  irregular  differences  of 
the  stem  error;  to  the  possible  occurrence  of  minute  capillary  leakage! 
throughout  the  considerable  length  of  connecting  tube;  to  structural! 
changes  (crystallization,  silicification,  gaseous  corrosion)  of  the  metali 
of  the  thermocouple.     It  is  needless  to  make  further  mention. 

Considering  the  figures  41  and  42  as  a  whole,  it  will  be  seen  that  the^ 
calibration  curves  are  regular  throughout  In  case  of  the  20  per  cent! 
platinum-indium  alloy,  therefore,  no  evidence  of  sudden  allotropic] 
changes  or  polymerization  is  anywhere  discernable.  Hence  betweenj 
300°  and  1,300°,  the  availability  of  the  given  platinum-iridium  alloy  fog 
thermo-electric  pyrometry  can  not  be  disputed.  I  do  not  believe  thaw 
the  strictures  which  Le  Ohatelier  (1.  c.)  has  placed  on  the  pyrometric  usJ 
of  the  platinum-iridium  alloys  are  substantiated  by  experiment,  though] 
they  may  be  true  (Chap.  I)  for  low  percentage  alloys.  A  full  discussion! 
of  the  divergence  of  the  said  curves  (Figs.  41,  42)  from  the  Avenarius-j 
Tait  equation,  is  beyond  my  present  purpose. 

Accuracy  of  the  measurements  made,  Group  II — In  a  general  way} 
these  critical  remarks  apply  to  the  data  obtained  with  Bulb  II  and  in-J 
serted  in  the  chart  (Fig.  42).  The  method  of  designation  is  clear,  thel 
divers  series  beiug  distinguished  on  the  chart  by  dashes,  which  pass! 
upward  or  to  the  right  for  ascending  temperatures,  and  pass  downward! 
or  to  the  left  for  descending  temperatures.  As  a  whole,  the  data  forj 
Bulb  II  are  a  marked  improvement  upon  the  data  for  Bulb  I.  This  was! 
brought  about  principally  by  correcting  the  calibrated  volumeof  thebulbj 
by  such  permanent  changes  of  volume  as  occur  after  each  heating.  For-J 
tunately  the  value  of  this  correction  can  be  found  with  great  accuracy! 
and  facility  by  the  same  method  by  which  the  fiducial  temperature  isl 
determined  (cf.  page  213).  If  6v  be  the  permanent  alteration  of  the  vol-] 
ume  of  the  bulb  due  to  heating ;  if  bb  and  th  be  the  pressure  and  tern- j 
perature  before  heating,  and  ba  and  ta  the  pressure  and  temperature] 
after  heating,  for  which,  in  each  case,  the  air  is  wholly  in  the  bulb  andj 
capillary  stems  (i.  e.,  1^=0);  and  if  2(v)  be  the  total  original  volume] 
of  bulb  and  capillary  stems,  then 

bbf(tb)-baf(ta)_  6v 
bj(ta)  2v' 

The  quantity  bf(t)  occurring  in  this  equation  is  the  same  already  evaki 
uated  in  equation  6  (page  213).  The  following  tabular  exhibit  of  the»;| 
values  of  6v  in  question  was  obtained  from  Bulb  II. 
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¥(t) 

|?xl0* 

vo 

Mean  volumes 
vo 

Before  Series  I 

After  Series  I 

After  Series  II 

After  Series  III.... 

After  Series  IV 

After  Series  V 

72.  G77 
73. 240 
73. 188 
73.210 
73. 180 
73. 188 

+  6.98 
-0.71 
±0.00 
—0.30 
+C.11 
±0.00 

cc. 
281.  26 

279. 10 

279.  30 

279.  22 

279.33 

279.  30 

I 

cc. 
280. 18 

S 

I 

279.  20 

3 

I 

279.26 

S 

...  279.27 
....279.32 

5 

The  values  of  v0  in  the  last  column  are  therefore  the  closest  approach 
o  the  respective  zero  volumes  of  the  bulb  during  the  successive  series 

to  V  in  question.  It  is  this  corrective  which  makes  the  results1  of 
ig.  42  very  much  more  uniform  than  those  of  Fig.  41. 

If  Fig.  41  be  compared  with  Fig.  42  it  will  be  seen  that  the  agree- 
lent  of  loci  is  very  good.  It  is  clear,  beyond  question,  that  the  discrep- 
ncies  involved  are  those  incidental  to  the  measurement;  discrepancies, 
loreover,  which  are  capable  of  considerable  reduction  by  improving  the 
xperimental  appurtenances  in  the  way  suggested  above.  It  therefore 
)Jlows  that  the  degree  of  identity  of  the  environment  of  the  air  thermom- 
ter  and  of  the  thermo  couple  is  as  nearly  perfect  as  the  calibration 
roblem  demands.  Again,  from  the  difficulty  I  have  found  in  obtaiu- 
ig  accordance  between  different  series  of  results  in  the  earlier  experi. 
lents,  I  believe  that  with  the  use  of  the  present  form  of  re-entrant  bulb 
he  calibration  problem  has  for  the  first  time  been  rigorously  solved  ; 
3r  it  is  obvious  that  if  the  constants  of  either  of  the  loci  (Figs.  41  or  42) 
rere  calculated  by  the  method  of  least  squares  their  probable  error 
rould  be  decidedly  within  one  promille. 

Boiling  point  of  zinc. — This  is  the  stage  of  progress  at  which  my  other 
uties  will  make  it  necessary  to  temporarily  abandon  the  temperature 
►roblems  and  proceed  toward  a  corresponding  development  of  the  press- 
ire  work.  I  need  merely  notice  therefore  in  what  respects  the  ab- 
olute  data  of  this  chapter  substantiate  the  earlier  inferences.  For 
Qstance,  if  the  values  of  e2(),  which  hold  for  the  boiling  point  of  zinc 
riven  at  the  end  of  Chapter  II,  be  interpreted  by  aid  of  the  final  dia- 

lA  curious  source  of  error  may  be  noted  here.  When  the  centrifugal  blower  is  in- 
ulated  the  friction  of  the  belt  electrifies  it  permanently.  If,  furthermore,  the  tubing 
ie  insulated  the  furnace  will  be  charged  with  a  current  of  electrified  air.  Through 
he  wires  of  the  thermo-couple  this  charge  is  distributed  over  the  measuring  appara- 
us.  If  now,  any  metallic  part  of  this  (for  instance,  the  metal  of  a  rheostat  key)  be 
ouched  with  the  finger  there  results  a  redistribution  of  the  charge  and  invariably  a 
arge  deflection  of  the  galvanometer  needle.  This  is  seriously  misleading,  and  the  error 
i  not  always  at  once  detected.  Care  should  therefore  always  be  taken  that  the  tube 
onveying  air  to  the  furnace  from  the  blower  is  not  insulated.  # 
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grams  (Figs.  41  and  42)  the  data  so  obtained  are  small,  being  not  larg( 
than  905°  in  the  one  case  and  916°  in  the  other.    These  values  are 
be  finally  corrected  by  the  value  for  vQl  found  after  the  completion  of 
the  measurements  by  direct  water  calibration.     I  may  remark  in  pass- 
ing, that  the  stem  correction  is  negative,  and  that  I  applied  a  value! 
which  is  certainly  not  too  large.    Hence  the  stem  error  has  produced! 
no  erroneous  negative  increment  of  the  value  of  T. 

In  the  case  of  Bulb  T,  the  datum  v0  is  accepted  as  280cc,  an  approxi- 
mate value  to  be  subsequently  corrected  for  permaneut  changes  of  vol! 
ume,  etc.  By  the  volumetric  method  (page  214)  the  volume  of  bulb,  steml 
and  capillary  tubes  is  found  to  be  280.73cc  at  the  mean  temperature  20o| 
From  this  is  to  be  deducted  the  volume  of  the  metallic  capillary  stems! 
0.40cc;  the  volume  of  the  porcelain  capillary  stem,  0.53cc;  and  thel 
amount  of  dead  space  at  the  joints  of  the  tubes,  0.23cc.  This  leaves  foil 
the  volume  of  the  bulb  at  0°C. 

i'0=279.58cc. 

The  same  volume  was  measured  at  the  close  of  the  work  by  direct  cali* 
bration  with  water,  and  found  to  be 

^0=279.06°°. 

This  difference  of  0.52cc  is  due  to  the  imperfection  of  the  volumetric 
method  in  its  present  form.  Preferring  the  latter  value,  the  volume  in-j 
crement  for  Bulb  I  is 

dv=-0M (I) 

In  the  case  of  Bulb  II,  v0  is  accepted  in  the  computations  provisorilyr 
as  v0=279.3cc,  and  found  by  direct  calibration  with  water  to  be 

tf0=278.73cc. 

Hence  for  Bulb  II 

<?0O=— 0.57 (II) 

If  now  the  formula,  page  229,  viz  : 

be  applied  with  the  purpose  of  correcting  the  above  approximate  value! 
for    the   boiling   point   of   zinc,  it  appears    since    T=910°;  Ti=25° 
/(T1)=0.916;  ??=279cc;  ^=220cc;  (l+aT)2= 19.2;  that 

ST=  4-12.50  for  Bulb  I,  and  6T=+  7.6°  for  Bulb  II. 

In  place  of  the  single  data  obtained  from  Figs.  41  and  42  it  is  pref- 
erable to  determine  the  values  of  T  for  each  series.     This  is  done  inl 
Table  78,  in  whiclf,  moreover,  the  data  for  increasing  and  decreasing! 
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jtemperature  are  distinguished.    The  table  applies  for  e^ =11,000  micro- 
volts, the  value  found  in  Chapter  II  as  the  equivalent  of  T. 

Table  78. — Interpolations  near  the  boiling  point  of  zinc. 


Bulb. 

Series. 

T 
temperature 
increasing. 

temperature 
decreasing. 

Mean  T. 

I 
I 

II 
II 
II 
II 
II 

IIIi 
IV  5 

"1 

III  > 

IV  | 

vj 

o 

912 
900 
925 

o 
915 

o 
£  909.0 

1 

1 

-   918.8 

916 
924 
915 

914 

Hence,  if  to  these  mean  values  be  added  the  corrections  ST  as  just 
found,  there  follows  T=921.5o  for  Bulb  I  and  T=926.4o  for  Bulb  II. 

A  final  correction  is  still  to  be  added.  In  the  present  reduction  I 
assume  e20=H,000  as  the  electrical  equivalent  of  the  boiling  point  of 
zinc.  The  careful  crucible  experiments  made  soon  after  the  air  ther- 
mometry, and  detailed  on  page  123,  show  that  e20=ll,074.    Hence,  since 

6T=6e20/{a+2bT) 

nearly,  and  since  de2o=+71,  it  follows  that 

ST  =  4.7°. 

The  constants  a  and  b  are  calculated  from  the  data  of  diagram  (Fig.  42), 
a  sufficient  approximation.     Hence,  finally, 

T=926°  for  Bulb  I,  and  2=931°  for  Bulb  II. 

This  is  the  closest  approximation  to  the  boiling  point  of  zinc  which 
the  method,  in  its  present  stage  of  development,  permits. 

This  is  a  low  result  as  compared  with  Deville  and  Troost's,  and  with 
Weinhold's  data.  It  agrees  admirably  with  the  values  of  Becquerel  and 
of  Violle.  But  my  datum  is  not  as  low  as  would  have  been  anticipated 
from  the  constant- volume  measurements  (page  199)  of  this  chapter,  or 
from  inferences  deduced  by  purely  thermoelectric  measurement  in 
Chapter  II.  As  long,  however,  as  rigorous  measurement  of  the  vari- 
able /?,  the  coefficient  of  expansion  of  the  bulb,  has  not  been  made,  and 
the  effect  of  a  non-glazed  interior  of  the  bulb  has  not  been  placed 
beyond  all  obscurity,  it  is  wise  to  advert  to  the  present  value  for  the 
boiling  point  of  zinc  with  only  precautionary  emphasis.  Nevertheless, 
it  is  pleasant  to  note  this  accordance  of  data  between  the  results  of  the 
French  observers  mentioned  and  my  own  data.     I  am  specially  encour- 
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aged  in  believing  the  non-inglazed  thermometer  bulb  nearly  as  avail- 
able and  safe  for  high  temperature  measurement  as  the  inglazed  form. 

Coefficient  of  heat  expansion  of  porcelain. — It  is  necessary  to  state 
that  in  the  present  work  no  special  measurements  for  ft  have  as  yet 
been  made.  The  value  taken  is  that  of  Deville  and  Troost,  wbich,  for 
the  porcelain  in  hand,  is  possibly  too  low.  The  probable  effect  of  cor- 
recting ft  will  therefore  be  an  increase  of  T,  since  increments  of  both 
ft  and  T  have  like  signs.  Not  wishing  at  present  to  redetermine  ft  I 
made  corroborative  tests  in  the  following  manner: 

In  Table  66  results'  are  given  from  which  approximate  values  of  the 
coefficient  of  expansion  of  porcelain  may  be  computed.  Let  the  ma- 
nometer volume  be  changed  when  the  temperature  of  the  bulb  is  nearly 
constant.     Then  if 

Hlf  Vu  TusiuAR2n  V2i  T2 
are  two  successive  readings,  it  follows  that 


H2Y, 


[/(T)+^(J/(T0) 


f(T2) 


ElYl 


ATi 


H,  — Hi 


where  T  is  the  temperature  and  v  the  zero  volume  of  the  bulb.  It  is 
expedient  to  make  H2  the  barometric  height  for  the  day,  so  the  T  can 
at  once  be  computed  by  the  ordinary  formula,  ft  may  then  be  com- 
puted for/(T).  By  making  the  measurements  for  T  (i.  e.,  Hu  7i,  Tx) 
alternate  with  the  measurements  for  ft  (i.  e.,  H2,  V2,  T2)  in  time  series, 
the  value  of  T,  which  corresponds  to  the  time  at  which  the  measurements 
for  ft  are  made,  may  be  accurately  determined  by  graphic  interpolation. 
The  following  results  are  computed  from  the  data  already  given  in  Table 
66,  Bulb  II,  Series  V : 

Table  79. — Coefficient  of  heat  expansion  of  porcelain. 


Time. 

T 

P 

h. 

11 

m. 
45 

o 
568 

11 

12 

53 
03 

(564) 
560 

} 

0. 000022 

12 
12 

06 
25 

(564) 

567 

} 

0.  000026 

2 

34 

978 

2 

2 

50 
58 

(993) 
1002 

1 

0.  000037 

3 
3 

10 
16 

1004 
1006 

! 

0. 000027 

In  view  of  the  fact  that  the  quantities  on  which  ft  ultimately  depends 
are  of  the  same  order  of  magnitude  as  the  stem  error  J2,  this  method 
of  determining  ft  can  not  be  looked  to  for  very  close  results.     Indeed,  if 
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/3  were  known  from  special  measurements  this  value  could  be  used  to 
compute  2.  It  is  obvious  therefore  that  for  sharp  values  of  ft  it  is 
necessary  to  work  with  a  jacketed  manometer,  so  that  Tx  may  be  con- 
stant. It  is  necessary  also  that  T  and  R  be  constant,  a  condition  which 
the  above  experiments  do  not  quite  fulfill.  The  above  data,  crude  as 
they  are,  show,  however,  that  /?is  determinable  by  this  method  with  the 
same  degree  of  accuracy  with  which  it  is  to  be  applied.  In  this  respect 
the  constant-pressure  method  is  unique,  since  it  admits  of  easy  modifications 
by  which  the  zero  volume  of  the  bulb,  its  coefficient  of  expansion,  as  well  as 
allpermanent  changes  of  volume,  may  be  evaluated  ivithout  extra  appliances. 
[Attention  may  again  be  directed  to  the  independent  method  of  standard- 
ization of  a  non-inglazed  re-entrant  porcelain  air-thermometer  bulb  by 
thermal  comparison  with  a  re-entrant  glass  thermometer  bulb  of  known 
constants.  Such  comparison  is  to  be  made  above  300°  to  obviate  the 
moisture  and  condensation  errors,  and  either  directly  in  the  elliptic  re- 
volving muffle  (Fig.  36  a),  or  indirectly  through  the  intervention  of  the 
same  thermo-couple.  In  the  last  case  each  bulb  is  separately  compared 
with  the  couple  as  explained  above  (Figs.  37,  38),  and  the  results  then 
co-ordinated.  The  hard-glass  bulb,  according  to  Troost  (loc.  cit.)  may 
be  safely  regarded  rigid  as  far  as' 600°.     1880.] 

Remarks. — The  manner  of  further  development  of  the  present  ther- 
mal problems  is  now  sufficiently  obvious,  and  may  be  briefly  summar- 
ized in  a  final  remark.  It  is  necessary  in  the  first  place  to  rigorously 
compare  bulbs  glazed  interiorly  with  bulbs  not  glazed  interiorly.  The 
latter  are  so  much  more  easily  constructed  that  if  their  use  be  warranted 
practical  air  thermometry  will  be  in  no  small  measure  facilitated.  For 
instance,  if  we  suppose  the  bulb  non-glazed  interiorly  to  be  admissible, 
then  there  are  no  serious  obstacles  in  the  way  of  a  fire-clay  thermometer 
bulb.  Bulbs  of  such  ware  are  naturally  porous,  but  there  is  no  doubt 
that  enamel  can  be  applied  in  sufficient  quantity  to  the  exterior  to  make 
them  impervious  to  air.  With  these  bulbs  the  upper  limit  of  possible 
thermal  measurement  will  closely  approach  the  melting  point  of  pla- 
tinum. By  aid  of  the  volumetric  method  described  on  pages  195  and 
214,  problems  referring  to  the  internal  volume  of  the  bulbs  and  stems, 
whether  porous  or  not,  admit  of  satisfactory  solution.  Again,  it  is  nec- 
essary to  compare  the  data  of  bulbs  containing  different  gases,  dry  air, 
02,  H2,  N2,  etc.  All  such  comparisons  can  be  made  either  directly,  by 
exposing  the  bulbs  contiguously  in  an  elliptic  revolving  muffle  of  the 
kind  sketched  and  described  on  pp.  182, 188,  or  they  may  be  made  indi- 
rectly, by  comparing  the  individual  air-thermometer  bulbs  with  the  same 
thermo-couple.  In  the  interest  of  greater  accuracy  the  same  re-entrant 
form  of  bulb,  into  which  the  divers  gases  are  successively  introduced, 
is  expediently  combined  with  one  and  the  same  thermo-couple,  and  the 
heating  is  conducted  precisely  in  the  manner  shown  in  this  chapter. 
Until  Charles's  law  has  in  this  way  been  tested  for  large  ranges  of  tem- 
perature it  is  hardly  desirable  to  multiply  the  number  of  approximate 
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thermal  data  in  the  region  of  high  temperatures  by  further  data  of  ar 
absolute  kind,  which  at  the  present  state  of  our  knowledge  must  alsc 
be  regarded  as  approximate.  The  first  steps  of  a  method  by  which 
rigorously  accurate  data  may  be  reached  the  present  chapter  fullv 
elucidates. 

For  purposes  of  ordinary  high- temperature  measurement  the  con- 
stant-pressure method  of  air  thermometry  must  undoubtedly  be  pre- 
ferred. It  is  superfluous  to  reiterate  the  many  reasons  which  the  text 
contains.  But  for  the  ulterior  and  purely  scientific  purposes  of  study- 
ing laws  relative  to  the  expansion  of  gases  at  high  temperatures,  both 
methods  are  equally  valuable,  and  it  is  highly  probable  that  an  investi- 
gation of  the  thermal-expansion  phenomena  of  one  and  the  same  gas 
in  all  admissible  states  of  tenuity  will  throw  more  light  on  the  subject 
in  hand  than  an  inquiry  into  the  analogous  behavior  of  different  gases. 
Fortunately,  in  ail  such  comparisons  the  stem  errors  so  nearly  counter- 
balance each  other  as  to  make  it  probable  that  the  measurements  can 
be  made  with  great  nicety. 
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CHAPTER    V. 

THE  PYROMETRIC  USE  OF  THE  PRINCIPLE  OF  VISCOSITY. 
INTRODUCTION. 

Remarks, — It  has  been  said  that  a  method  for  making  metallic  capil- 
lary tubes  was  described  hypothetically  by  Begnault  in  his  celebrated 
memoir.1  So  far  as  I  know,  however,  the  first  platinum  tubes  made  for 
actual  high-temperature  use  are  those  described  in  the  present  volume. 
The  dimensions  of  the  capillaries  used  in  the  air-thermometer  work 
have  already  been  given  5  similar  tubes  of  silver  and  of  copper  were 
also  in  hand.  It  seemed  expedient  therefore  in  view  of  the  excellent 
quality  which  these  tubes  eventually  came  to  possess,  to  put  them  to 
more  general  use  than  originally  contemplated.  Indeed,  the  attempt 
to  obtain  absolute  thermal  measurements  in  the  region  of  high  temper- 
atures, from  the  transpiration  data  obtainable  by  passing  gases  through 
red-hot  capillary  tubes  of  platinum,  presented  itself  as  an  important 
final  step  in  the  present  investigation.  The  kinetic  theory  of  gases  has 
not,  as  yet,  given  any  satisfactory  clue  for  the  prediction  of  the  thermal 
relations  of  gaseous  viscosity.  It  is  nevertheless  probable,  from  the 
nature  of  a  gas,  that  an  experimental  law,  which  might  be  found  to  hold 
between  0°  and  1,200°,  could  be  safely  assumed  to  hold  for  a  much 
larger  interval  of  temperature.  In  other  words,  judicious  extrapolation 
is  much  more  nearly  permissible  in  the  case  of  thermal  results  applying 
to  gases  than  it  possibly  can  be  in  the  case  of  results  which  apply  to 
liquids  or  to  solids.  Again,  since  the  rate  at  which  transpiration  takes 
place  varies  inversely  as  the  absolute  temperature  of  the  gas,  as  well  as 
inversely  as  its  viscosity,  it  is  clear  that  the  construction  of  a  trans- 
piration pyrometer  will  be  practicable,  even  if  the  thermal  variations 
of  viscosity  should  prove  unfavorable  for  such  a  purpose. 

Apart  from  practical  applications,  however,  physical  science  can  not 
but  profit  by  any  attempt  at  Ifigh-temperature  measurement,  rationally 
based  on  some  other  phenomenon  than  the  thermal  expansion  of  a  gas. 
This  is  proven,  for  instance,  by  the  pains  which  V.  Meyer,  Troost,  Ber- 
thelot,  and  others  have  taken  to  ascertain  whether  the  coefficient  of 
thermal  expansion  in  all  its  high-temperature  applications  could  be  as- 
sumed to  be  rigorously  constant.  Even  if  the  present  method  should 
fail  of  further  purpose  than  the  co-ordination  of  data  in  a  field  of  high 
temperature,  wnere  absolute  results  are  either  isolated  or  wanting,  its 

'  Cf.  pages  167, 169. 
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conditions  of  application  deserve  most  careful  scrutiny.  I  am  justifiei 
in  believing  that  the  favorable  character  of  the  results  which  this  char 
ter  contains  will  be  sufficient  to  show  that  the  transpiration  pyromete 
is  more  than  equal  to  the  demands  made  upon  it.  Interpreted  by  th 
Poiseuille-Meyer  formula  transpiration  data  must  enable  us  to  measur 
temperature  absolutely,  over  a  wider  thermal  range,  and  with  greate 
convenience  and  accuracy  than  is  now  possible  with  any  other  instru 
ment. 

An  important  part  of  the  present  chapter  is  the  new  light  it  throw 
on  the  thermal  relations  of  viscosity  and  on  the  thermal  relations  of  th« 
mean  free  path  of  the  molecule  of  a  perfect  gas.  The  phenomena  o 
diffusion,  heat  conductivity,  and  viscosity  in  gases,  depending,  as  the^ 
do,  in  their  thermal  relations  on  the  law  of  force  between  the  molecules 
have  hitherto  remained  beyond  the  reach  even  of  theory. 

The  present  chapter  is  divided  into  two  parts,  the  first  of  which  con 
tains  experiments  made  with  true  capillaries.  The  second  part  contain! 
experiments  with  tubes  of  larger  bore— with  tubes,  in  other  words 
which  do  not  strictly  satisfy  the  capillary  conditions  of  the  Poiseuille 
Meyer  law. 

Literature. — The  work  of  the  earlier  observers  has  recently  beei 
discussed  with  great  thoroughness  by  Mr.  S.  W.  Holinan1  in  the  las 
of  his  fine  treatises  on  the  relation  of  viscosity  of  gases  and  tempera 
ture.  Profiting  by  this,  I  will  therefore  dismiss  the  subject  with  a  fe^ 
cursory  remarks,  and  refer  those  desiring  more  specific  information  t( 
Mr.  Holman's  researches.  Historical  reference  is  also  made  in  O.  E 
Meyer's2  extended  article,  where  the  salient  features  of  Graham's3  classk 
experiments  are  analyzed.  A  clear  account  of  the  whole  question  ik 
given  by  Meyer  in  his  well-known  book.4 

Some  years  after  Graham  had  published  his  experimental  results 
and  after  Clausius5  had  pointed  out  the  kinetic  importance  of  the  meai 
free  path  traversed  by  the  gaseous  molecule,  the  questions  relating  t( 
the  viscosity  of  gases  were  placed  on  a  new  theoretical  footing  by  tut 
remarkable  results  of  Maxwell.6  Using  Stokes's7  results  to  treat  tin 
viscosity  of  air,  Maxwell  is  able  to  express  the  mean  free  path  of  the 
molecule  absolutely.    The  data  here  in  question  were  derived  by  Cou 

1  S.  W.  Holman :  Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  21,  1886,  p.  1 ;  Phil.  Mag.,  Lon 
don  (5),  vol.  21,  1886,  p.  199.  • 

20.  E.  Meyer:  Pogg.  Ann.,  vol.  127,  1866,  pp.  253,  353. 

3Grahara:  Philos.  Trans.  Roy.  Soc,  London,  1846,  p.  573;  ibid,  1849,  p.  349;  Ann 
der  Chem.  und  Pharm.,  vol.  76,  1850,  p.  138. 

4  Die  kinetische  Theorie  der  Gase,  Breslau,  1877,  p.  123. 

5 Clausius:  Pogg.  Ann.,  4th  series,  vol.  15,  1858,  p.  239. 

6Maxwell:  Rept.  295th  Meeting  Brit.  Assoc.,  1859  (1860),  notices,  etc.,  p.  9;  Phil. 
Mag.  (4),  vol.  19,  1850,  p.  19.  Less  closely  allied  results  in  Phil.  Mag.  (4),  vol.  20, 
1860,  p.  21. 

7  Stokes  :  Trans.  Cambridge  Philos.  Soc,  vol.  9,  1850,  p.  166  ;  ibid.,  vol.  10, 1851,  p. 
105.     Fortschr  der  Physik,  1850  :  50 ;  p.  101 ;  Phil.  mag.  (4)  1,  1851,  p.  337. 
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Jlomb's  method  of  vibrating  plates,  a  method  which  does  not  serve  well 
for  the  determination  of  the  thermal  relations  of  mean  free  path,  although 
it  has  been  applied  with  this  end  more  or  less  fully  in  view  by  Meyer,1 
by  Maxwell2  himself,  by  Puluj,3  and  others.  Among  these  observers 
only  Puluj,  using  an  apparatus  devised  by  Kundt  and  Warburg,  suc- 
ceeded in  deriving  good  results.  Very  important  service  was  therefore 
done  to  this  branch  of  molecular  kinetics  by  the  elaborate  researches 
of  O.  E.  Meyer.4  Availing  himself  of  the  general  differential  equations 
for  the  motion  of  a  viscous  fluid  published  by  Stokes,5  or  those  more 
recently  published  by  Stefan,6  O.  E.  Meyer  deduces  the  well-known 
equation,  in  which  the  rate  of  transpiration  is  fully  expressed  in  terms 
of  the  terminal  pressures,  the  viscosity  of  the  gas,  the  coefficient  of 
external  friction,  and  of  the  dimensions  of  the  capillary  tube  through 
which  the  gaseous  flow  takes  place.  Calculating  from  this  result  the 
volume  of  gas  transpiring  during  a  given  time,  under  given  conditions, 
Meyer  reaches  a  result  which,  for  gases,  is  the  complete  analogue  of  the 
law  for  liquids  experimentally  deduced  by  Poiseuille7  and  flagen,8  and 
to  which  Stokes9  and  others  (Neumann,  Wiedemann,  Hagenbach,  Ste- 
fan, Helmholtz)  have  given  a  theoretical  foundation.  It  is  by  using 
this  equation  that  Meyer10  himself,  discussing  Graham's  results,  in  later 
work,11  partly  in  conjunction  with  Springmiihl,12  derived  the  first  good 
results  for  the  thermal  coefficient  of  viscosity.  Such  results  have  since 
i  been  obtained  in  greater  number  and  with  greater  elegance  in  transpi- 
i  ration  experiments,  made  by  Puluj,13  v.  Obermayer,14  E.  Wiedemann,15 
Warburg,16  Schumann,17  and  particularly  by  Holman,18  to  whose  elegant 
and  elaborate  researches  I  have  already  referred. 

In  all  of  these  cases,  however,  the  data  in  hand  are  essentially  low- 
temperature  results.  The  largest  range  of  temperatures  occurs  in 
Obermayer's  later  research,  in  which  the  thermal  relations  of  the  vis- 

lO.  E.  Meyer:  Pogg.  Ann.,  vol.  125,  1865,  p.  177  ;  5th  series,  vol.  23,  1871,  p.  14. 

-  Maxwell :  Phil.  Trails.,  1866  (I),  p.  249. 

3 Puluj:  Wieii.  Sitznngsber.,  vol.  73  (2),  1876,  p.  589. 

4  O.  E.  Meyer:  Pogg.  Ann.,  vol.  127,  1866,  pp.  253,353. 

^  Stokes:  Trans.  Cambridge  Philos.  Soc.,  vol.  8, 1847,  p.  287. 

e Stefan:  Wien.  Ber.,  vol.  46  (2),  1862,  p.  8. 

7  Poiseuille:  Mem.  Sav.  Strang.,  vol.  9,  1846,  p.  433;  Ann.cb.  et  pbys.  (3),  vol.  7, 
1843,  p.  50. 

sHagen:  Abb.  d.JBerl.  Akad.,  1854,  p.  17. 

9  Stokes:  Trans.  Cambridge  Pbilos.  Soc.,  vol.8,  1847,  p.  287. 
10Meyer:  Pogg.  Ann.,  vol.  127,  1866,  p.  367. 
11  Meyer:  Pogg.  Ann.,  vol.  148,  1873,  p.  1  ;  ibid.,  p.  203. 
13  Meyer  u.  Springmiihl:  ibid.,  p.  503. 

I3 Puluj  :  Wiener  Sitznngsber.,  vol.  69,  p.  287  ;  vol.  70,  p.  243,  1874. 
14 V.  Obermayer:  Wiener  Sitzungsber.,  vol.  71,  1875,  p.  281 ;  vol.  73,  1876,  p.  433. 
15  E.  Wiedemann  :  Fortsckr.  d.  Physik,  vol.  32,  1876,  p.  206. 
1,3  Warburg:  Pogg.  Ann.,  vol.  159,  1876,  p.  403. 

17  O.  Schumann:  Wied.  Ann.,  vol.  23,  1884,  p.  353. 

18  Holman  :  Proc.  Ann.  Acad.  Arts  and  Sci.,  vol.  12, 1876,  p.  41 ;  ibid.,  vol.  21, 1886,  p.  1. 
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cosity  of  a  number  of  gases  are  studied  between  —21°  and  280°.  IV 
Holman's  later  researches  go  as  far  as  224°  for  0O2  and  124°  for  air. 
Wiedemann  observed  in  thermal  baths  of  steam  (100°>  and  anili 
vapor  (185°).  Hence,  if  the  transpiration  data  are  eventually  to  su 
serve  the  purposes  of  temperature  measurement,  it  is  necessary  in  ti 
first  place  to  investigate  the  law  of  variation  of  viscosity  and  tempei 
ture  for  a  range  of  variation  extending  above  300°  as  far  as  possib 
into  the  region  of  white  heat. 

Since  this  law  is  necessarily  a  fundamental  consideration  it  will  be  i 
expedient  to  report  my  work  in  the  chronological  order  of  developmer 
It  will  be  preferable,  first,  to  give  such  results  as  have  an  immediat 
bearing  on  the  law  in  question,  and  then  to  extend  the  work  by  i 
investigation  of  the  flow  of  gases  through  tubes  to  which  the  ter 
"capillary,"  taken  in  the  sense  of  the  conditions  under  which  Meyei 
formula  holds,  does  not  strictly  apply.  For  very  short  tubes  Navie 
investigated  the  theory  of  efflux ;  for  very  long  tubes  these  conditio] 
are  equally  well  known  from  the  stated  investigations  of  Poiseuille  at 
Meyer.  For  tubes  of  intermediate  dimensions,  however,  the  inform 
tion  in  hand  is  comparatively  meager,  although  recent  investigations 
a  relevant  character  have  been  published  by  Osborne  Reynolds,2  I 
Guthrie,3  and  by  Hoffmann.4 

TRANSPIRATION  SUBJECT  TO  THE  POISE  UILLE-ME  FEB  LAW. 

APPARATUS. 

General  disposition  of  parts. — The  great  degree  of  perfection  whic 
Professor  Eichards5  has  attained  in  his  jet  aspirators  suggests  the  m 
of  this  apparatus  in  the  present  experiments  in  a  manner  similar  1; 
that  employed  by  Holman.  Such  adjustment  was  at  first  contemplate! 
lieasons,  however,  into  which  I  need  not  enter  here,  together  with  tl 
fact  that  in  some  of  the  experiments  larger  pressures  were  demandc 
than  those  which  the  jet-pump  could  furnish  in  our  laboratory,  led  1 
the  employment  of  absolute  methods  and  of  the  special  apparatus  no 
to  be  described.  It  consists  essentially  of  two  large  vessels,  one  place 
as  far  as  may  be  necessary  above  the  other  and  connected  by  wrappe 
rubber  tubing.  The  upper  of  these  vessels  is  filled  with  mercury  an 
the  lower  contains  the  dry  air  to  be  forced  through  the  train  of  capi 
lary  tubes  in  connection  with  it.  In  this  way  a  column  of  mercury  < 
any  desired  height  is  brought  to  bear  on  the  lower  vessel,  and  the  d< 
tails  of  adjustment  are  then  to  be  such  that  this  pressure  may  remai 
constant  throughout  the  course  of  the  experiment. 

!Navier  :  Me*ni.  Acad.  Roy.  des  Sc,  vol.  9,  1830,  p.  336. 

20.  Reynolds:  Roy.  Inst.  Gr.  Brit.,  1884,  p.  1;  Beiblatter,  vol.  10,  1886,  p.  217. 
3 Guthrie:  Phil.  Mag.,  5th  ser.,  vol.  5,  1878,  p.  433. 

4 Hoffmann:  Ann.  der  Physik,  Wiedemann,  new  series,  vol.  21,  1884,  p.  470. 
5Richards:  Am.  Jour.  Sci.,  3d  series,  vol.  8,  p.  412;  Trans.  Am.  Inst,  Mining  Eng 
neers,  vol.  6,  1879,  p.  492. 
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In  Fig.  43  the  apparatus  for  pro- 
ducing the  pressure  in  question  is 
fully  given.  The  scaffolding  consists 
of  four  vertical  tubes  of  gas  pipe,  aby 
ab,  ab,  ab,  about  15cm  apart  and  200cin 
high.  They  are  screwed  below  to  a 
suitable  base  and  coupled  together 
above,  forming  together  a  long  rect- 
angular column  of  square  section. 
The  tops  of  each  tube  end  in  vertical 
and  lateral  screws  a,  a,  a,  a,  to  which 
similar  pipe  may  be  attached,  either 
vertically  or  horizon  tally,  thus  greatly 
increasing  the  efficiency  of  the  stand- 
ard either  for  the  present  purposes 
or  for  use  in  supporting  the  manome- 
ter tubes  of  an  air  thermometer  (cf.,  / 
pp.  168, 209).  The  two  vessels  for  mer- 
cury are  shown  at  A  and  B,  of  which 
B  is  stationary,  while  A  can  be  raised 
to  any  necessary  height  by  the  cord 
F  G  R  passing  over  the  pulley  G  and 
fastened  by  a  flat-headed  thumb- 
screw, H.  The  vessel  A  is  practically 
a  Mariotte  flask,  provided  with  a 
stop-cock  at  G.  B  has  a  similar  stop- 
cock at  D,  and  the  connecting  rubber 
hose  is  shown  at  G  E  D.  These  con- 
nections, in  addition  to  the  stoj)-cocks 
G  audi),  should  be  of  wide  bore,  so 
as  to  insure  a  nearly  frictionless  flow 
of  mercury. 

The  head  of  the  vessel  B  commu- 
nicates with  the  capillary  tube  J, 
carries  the  open  mercury  manometer 
E  for  the  measurement  of  pressures, 
and  is  in  connection  with  a  stop-cock 
(not  shown  in  figure),  by  means  of 
which  atmospheric  air  or  any  other 
gas  may  be  introduced  into  B  through 
a  desicating  tube.  As  this  will  be 
more  clearly  shown  in  the  diagram 
below,  I  need  only  say  that  the  cap- 
illary tubes  are  shut  off  by  a  faucet, 
K.  Finally,  a  wide  lateral  tube, 
P   Q,   in   communication    with    the 
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rubber  hose  at  P,  enables  the  observer  to  let  the  mercury  flow  int 
the   receiver  B  from  above  by  closing  the   stop-cock  D.     As   this  i 
the  special  feature  of  the  present  apparatus,  and  is  essential  for  tab 
maintenance  of  constant  pressure,  I  will  describe  it  further.     Suppos 
the  Mariotte  flask  A  to  be  hoisted  in  and  fixed  in  the  high  position 
suppose  the  receiver  B  filled  with  air,  and  communication  with  th 
atmosphere  and  with  the  capillary  tubes  to  be  shut  off,  moreover,  tb< 
stop  cocks  G  and  D  closed.      If  now  G  be  opened,  mercury  will  flov 
from  A  to  B  through  the  hose  and  the  lateral  tube  P  Q.     The  head  o 
mercury  urging  the  influx  will  be  the  difference  in  height  between  ^ 
(the  point  of  influx)  and  the  lower  end  of  the  tube  d  in  the  Mariotte 
flask  A.    The  flow  will  continue  until  the  manometer  _K  registers  thi 
equivalent  pressure.      If,  now,  the  stop-cock  K  of  the  capillaries  b< 
opened,  the  air  from  B  will  be  very  slowly  discharged  into  the  atinos 
phere  and  the  mercury  from  A  will  slowly  flow  into  the  receiver  B,  en 
tering  it  from  above  in  such  a  way  that  the  pressure  is  maintained  com 
stant  throughout  the  course  of  the  experiment;    for  the  head  of  mer 
cury  between  Q  and  the  Mariotte  level  remains  unchanged  until  B  ii 
quite  filled,  and  the  pressure  value  of  the  head  is  read  off  on  the  ma 
nometer  B.     Special  care,  however,  must  be  taken  with  the  construe 
tion  of  the  Mariotte  flask;  for  inasmuch  as  the  flow  from  such  a  flasii, 
is  necessarily  intermittent,  the  period  of  jntermittence  must  be  reducec 
to  the  smallest  possible   amount  by  compelling  the  air  to  enter  m 
through  d  in  very  small  bubbles.     The  lower  end  of  the  tube  d  is  there 
fore  drawn  out  into  a  capillary  of,  say,  0.05cm  diameter,  which  is  grounc 
off  obliquely  in  the  usual  way.     It  is  still  better  to  let  the  lower  par 
of  d  end  in  a  series  of  capillary  platinum  tubes,  all  cut  off"  obliquely 
with  their  open  mouths  nearly  in  the  same  horizontal  plane.     Air  thus 
enters  A  in  a  spray  of  fine  bubbles,  and  the  internal  ttence  seen  at  R 
even  in  the  most  unfavorable  cases  of  extremely  slow  efflux  of  gas  ou 
of  B,  is  reduced  to  0.01cm  and  less. 

The  air  in  B  enters  the  capillary  tube  through  the  stop-cock  K.  as  ha: 
been  said.  The  capillary  platinum  tube  itself  is  shown  at  /,  and  h 
wound  in  form  of  a  truncated  cone,  so  as  to  be  uniformly  heated  bj 
the  adjustable  burner  n  immediately  below  it,  the  gases  of  which  an 
carried  off  by  the  adjustable  chimney  L.  In  other  words,  the  helix  o: 
the  platinum  capillary  tube  is  so  wound  as  to  lie  quite  within  the  zone 
of  fusion  of  the  Bunsen  burner.  The  outer  end  of  the  tube  /commit 
nicates  directly  with  the  air.  The  other  end  is  soldered  into  a  lateral' 
arm  of  the  tube  K  by  means  of  resinous  cement.  In  order  to  keep  the 
joint  cold  and  the  inner  end  of  the  capillary  at  .a  known  temperature 
a  rapid  current  of  cold  water  from  the  hydrant  flows  through  the  cylin- 
drical sheet-iron  box  w,  which  surrounds  the  joint. 

Apparatus  for  constant  pressure. — This  form  of  apparatus  was  used  in 
the  earlier  experiments,  and  the  results  obtained  by  means  of  it,  some 
of  which  will  be  cited  below,  proved  the  feasibility  of  this  method,  at 

(898) 


barus.j  VISCOSITY    OF   GASES.  245 

least  for  empirical  temperature  measurement,  beyond  a  doubt.  In  later 
experiments  the  proximity  of  the  burner  n  to  the  receiver  B  was  found 
objectionable,  and  the  cramped  arrangement  of  this  part  of  the  appa- 
ratus interfered  in  other  ways  with,  accurate  measurement.  Retaining 
the  essential  features  of  Fig.  43  the  apparatus  was  modified  as  follows: 

In  Fig.  44,  B  B  is  the  receiver  into  which  the  mercury  flows  on  pass- 
ing out  of  the  Mariotte  flask.  The  lettering  of  this  figure  is  in  con- 
formity with  that  of  Fig.  43,  but  the  disposition  chosen  is  such  as  to 
show  additional  parts.  The  manometer  R  B' B'  is  here  very  clearly 
given,  quite  filled  with  mercury,  as  is  the  case  at  the  outset  of  the  ex- 
periment. It  will  be  seen  that  as  the  pressure  in  B  increases,  the  mer- 
cury in  the  reservoir  B'  B'  passes. into  the  tube  P,  leaving  a  vacant 
space  in  B'  B'  above  the  lower  meniscus.  But  as  the  experiment  pro- 
ceeds, and  the  receiver  B  fills  with  mercury,  this  metal  eventually  falls 
into  the  communication  tube  r,  while  the  air  displaced  escapes  into  B 
through  the  capillary  tube  s.  Hence  each  time  B  is  filled  with  mercury 
a  fixed  volume  of  air  must  pass  out  of  it,  and  the  manometer  BB'  B'  in- 
troduces no  discrepancy.  The  cock  D  being  closed,  mercury  falls  into 
B  from  Q,  as  the  column  passes  through  the  lateral  tube  P  TJQ<  The  top 
of  B'B1  is  cut  off  obliquely,  so  as  to  guide  the  descending  drops  or  little 
stream  of  mercury  at  once  into  B.  The  drying-tube  of  the  apparatus 
communicates  with  w,  and  may  be  shut  off  by  the  faucet  S.  In  this 
way  dry  air  or  any  other  gas  may  be  easily  introduced.  The  capillary 
tube  is  here  placed  at  some  distance  from  B  and  in  connection  with  the 
lateral  tube  k.  A  small  sensitive  thermometer  sealed  in  the  vertical 
tube  T  indicates  the  temperature  of  the  gas  as  it  escapes  into  the 
capillaries.  For  the  sake  of  clearness  in  diagram  the  tubes  $,  P,  T 
are  represented  as  placed  in  a  single  vertical  plane.  In  practice  the 
rubber  cork  is  perforated  symmetrically  and  larger  tubes  may  be  chosen. 
The  tube  P  Q  comes  apart  at  U,  and  hence  the  tubes  and  the  manometer 
may  be  easily  withdrawn  from  B,  When  in  use  it  is  necessary  to  seal 
in  the  cork  and  the  divers  glass  tubes  with  resinous  cement. 

It  is  easily  seen  that  after  B  is  full  of  mercury  the  Mariotte  flask  A 
may  be  lowered,  and  on  opening  the  stop-cocks  D  and  8  mercury  will 
flow  back  from  B  to  A.  The  receiver  B  is  thus  filled  with  dry  gas  and 
again  ready  for  experiment.  But  the  order  of  manipulation  is  import- 
ant, and  will  be  indicated  in  connection  with  the  data  given  below. 

In  using  the  method  of  compression  preferably  to  a  method  of  ex- 
haustion, by  both  of  which  a  flow  of  gas  through  the  tubes  can  be 
secured,  I  was  guided  by  the  belief  that  the  methods  of  measurement 
in  the  former  case  are  more  easily  capable  of  variation.  This  the  present 
chapter  may  show.  Again,  the  tendency  of  the  dissociated  hydrocar- 
bon gases  of  the  burner  to  permeate  the  walls  of  the  platinum  capillary 
tubes  at  high  temperatures,  is  of  less  disturbing  effect  wiien  the  current 
of  gas  is  condensed  than  when  it  is  ratified. 

The  capillary  apparatus. — In  Fig.  44  there  is  ample  room  for  air  to 

(899) 


246 


MEASUREMENT    OF    HIGH    TEMPERATURES. 


Fig.  44.    Diagram  of  receiver  for  distributing  pressure.    Scale  £. 
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pass  around  the  thermometer  in  the  tube 
T,  and  thence  by  the  lateral  tube  h  into 
the  capillary  apparatus.  This  is  shown 
in  side  elevation  in  Fig.  45  and  in  plan  in 
Fig.  46.  The  figures  are  sectional,  and 
the  lettering  of  Fig.  43  is  retained.  The 
scaffolding  and  n on  essential  parts  are 
emitted.  Regarding  this  figure  in  its  gen- 
eral purposes,  I  will  say  here  that  there 
are  three  ways  in  which  viscosity  has 
been  measured: 

1.  By  measuring  the  time  of  efflux  of 
the  fixed  volumes  of  air  in  B  through  the 
capillaries. 

2.  By  measuring  the  rate  at  which  air 
passes  out  of  the  capillaries. 

3.  By  differential  methods. 

The  first  of  these  methods  is  not  gen- 
erally as  convenient  as  the  second,  be- 
cause the  volume  of  B  is  relatively  large, 
and  the  time  of  efflux  may  become  enor- 
mously large.  Hence  in  my  final  experi- 
ments I  used  the  second  method,  and  it 
is  to  this  that  the  present  description 
largely  applies.  The  gas  enters  from  the 
tube  Jc  (Fig.  45)  through  the  stop  cock  IT, 
thence  it  passes  through  the  tube  g  li  into 
the  coil  of  platinum  capillary  tube  J,  and 
out  of  this  into  the  graduated  tube  llll, 
filled  with  water.  Here  it  is  measured. 
The  tube  llllis  simply  an  inverted  bu- 
rette of  about  50cc  capacity.  After  fill- 
ing it  with  gas  and  taking  the  observa. 
tion  it  is  made  ready  at  once  for  the  next 
experiment  by  sucking  the  water  out  of 
the  pneumatic  trough  M  M  up  into  the 
tube  through  the  stop-cock  o  and  closing- 
it.  To  insure  constancy  of  temperature 
this  tube  I  III  is  jacketed  by  a  larger 
tube,  ii  i  i,  through  which  a  rapid  current 
j  of  water,  entering  by  the  tube  p  t,  con- 
!  tinually  circulates.  The  water  escaping 
from  the  bottom  of  i  i  i  i  keeps  the  trough 
MM  full  of  cold  water,  and  finally  escapes 
by  the  lateral  efflux  pipe  X.  The  upper 
vertical  tube  q  is  used  in  filling  i  i  i  i  with 
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Fie.  45.    Side  elevation  of  capillary  ap- 
paratus.     Scale  £. 
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water  at  the  outset  of  the  experiment,  and  is  then  closed  by  a  pinch 
cock.  It  is  easy  to  make  the  current  swift  enough  to  keep  both  the  tube 
and  the  trough  at  a  constant  temperature  even  when  the  helix  I  i& 
heated  to  extreme  white  heat. 

The  helix  of  the  platinum  capillary  tube  is  wound  in  the  form  of  a 
nearly  compact  spiral  and  with  the  internal  radius  just  large  enougl] 
to  admit  the  insulator  of  the  thermo-couple.  Smaller  aud  more  compacl 
coils  are  favorable  to  constant  temperature  throughout  the  length  of  the 
capillary  tubes.  It  is  convenient  to  use  two  or  more  such  capillary  tube 
wound  side  by  side,  so  as  to  make  what  may  be  called  a  fasciculated 
helix.  The  anterior  ends  of  these  capillaries  are  soldered  to  a  sural 
longitudinally  perforated  brass  cylinder  h,  which  is  then  hermetically 
sealed  into  the  adit  tube  g  h.  The  posterior  ends  of  the  capillaries,  which 
like  the  other  ends,  return  to  the  trough  MM,  are  bent  slightly  upward 
so  as  to  discharge  the  gas  into  11 11.    As  leaks  are  fatal  to  the  tempera 


Fig.  46.    Plan  of  the  capillary  apparatus.     Scale  h. 

ture  measurement  at  J,  the  platinum  tubes  must  be  carefully  solderec 
into  the  vertical  wall  of  the  trough  M  M,  through  which  they  pass 
Soldering  the  tubes  in  place  and  sealing  them  is  a  difficult  operation 
and  too  much  care  can  not  betaken  in  guarding  against  clogging  of  th 
minute  capillary  canals.  Moreover,  solder  must  be  kept  away  from  th 
parts  of  I  which  are  heated.  Insufficiently  cautious  manipulation  ii 
this  respect  rained  more  than  one  of  my  tubes.  Unfortunately,  the  onl; 
satisfactory  check  on  the  degree  of  perfection  of  the  adjustments  inadi 
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is  given  by  an  inspection  of  the  results  obtained.  Any  flaw  in  the  con- 
nections can  therefore  be  remedied  only  at  the  expense  of  much  time. 

Differential  apparatus. — Before  passing  to  the  method  used  for  heating 
it  may  be  well  to  insert  a  few  remarks  relative  to  the  differential  appa- 
ratus. This  is  closely  analogous  in  character  to  a  differential  galvanom- 
eter, and  the  rates  of  transpirations  through  tubes,  one  of  which  is  hot  the 
other  cold,  are  compared.  The  arrangement  of  this  apparatus  is  readily 
seen  in  Fig.  46.  A  lateral  arm,  IP,  of  the  tube  g  h  communicates  with 
the  cold  helix  J',  which  is  completely  submerged  in  the  water  of  the 
trough  M  i¥,  and  provided  with  its  own  graduated  tube  V  I  and  water- 
jacket  i  i'.  Except  in  temperature,  the  capillaries  and  their  pneumatic 
appurtenances  are  identical  in  form.  Certain  special  desiderata  will 
be  indicated  below. 

Method  of  heating. — All  the  soldered  parts  of  the  capillary  apparatus 
being  thus  thermally  protected  by  a  current  of  water  from  the  hydrant, 
the  heating  of  the  spiral  is  not  a  difficult  problem.  To  make  observa- 
tions at  the  low  temperature  (as  near  0°  0.  as  convenient)  a  current  of 
water  may  be  showered  upon  the  helix  out  of  the  water  pipes.  But  it 
is  equally  good  to  siphon  the  water  out  of  the  trough  M  M.  For  100° 
the  helix  is  appropriately  surrounded  by  a  non-conducting  tube,  through 
which  steam  circulates  freely.  Admirably  constant  mean  temperatures 
are  obtained  as  high  as  1,000°  by  simply  heating  the  helix  in  a  chimneyed 
Bunsen  burner.  For  1,300°  the  Bunsen  burner  is  replaced  by  a  blast- 
lamp  fed  by  a  regular  current  of  air.  In  the  case  of  these  high  tem- 
peratures the  helix  is  surrounded  by  a  cylindrical  tube  of  asbestus,  as 
shown  at  n  n,  Figs.  45  and  46.  These  cylinders  are  exceedingly  con- 
venient and  may  be  made  by  soaking  asbestus  board  in  water  and  roll- 
ing it  around  a  cylindrical  stick  of  suitable  diameter.  After  drying, 
the  cylinders  are  ready  for  use.  Parts  liable  to  breakage  are,  of  course, 
protected  from  radiation  by  asbestus  screens.  Such  subsidiary  screen- 
ing is  everywhere  necessary,  and  need  not  be  described  here.  Great 
difficulties  were  encountered  in  endeavoring  to  obtain  satisfactorily  con- 
stant temperatures  between  300°  and  1,000°.  After  much  vain  search- 
ing I  finally  tried  an  ordinary  oil  student  lamp  for  the  purpose,  and  ob- 
tained excellent  results.  The  space  in  the  chimney  of  such  a  lamp  above 
the  flame  is  available  for  a  hot-air  bath.  In  Fig.  45,  n'  n'  shows  the 
position  of  the  chimney  of  this  lamp.  The  temperatures  thus  obtain- 
able, besides  being  constant  or  of  very  slow  regular  variations  (increase) 
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may  be  made  to  differ  over  quite  a  wide  range,  as  is  shown  by  tbe  fol- 
lowing table : 

Table  80. — Thermal  constants  of  the  oil  student  lamp. 


d 

Time.          e 

6" 

Remarks. 

cm. 

m. 

0 

2 

0 

4168 

414 

] 

^  Very  low  flame. 

2 
2 

7 
14 

4201 
4255 

416 
421 

2 

21 

4288 

423 

J 

3 

7437 

669 

1 

14 
14 

10 
20 

7593 

7G47 

681 
685 

}>  Low  flame. 

J 

14 

30 

7784 

695 

9 

,25 

10690 

904 

. 

9 

30 

10690 

904 

3 
3 

40 
60 

9563 
9563 

825 
825 

}  High  flame. 

14 

63 

11490 

956 

14 

69 

11490 

956 

J 

Incipient  fusion  of  the  glass 

1 

chimney   surrounding  the 

^  Flam*  very  high. 

flame.    Devitrification. 

In  Table  80,  d  denotes  the  depth  of  the  junction  of  the  thermo-couple 
below  the  top  of  the  chimney,  which  top  is  about  20cm  above  the  mean 
height  of  the  flame.  6",  e,  denote  the  temperature  and  the  correspond- 
ing thermo-electric  force  of  the  thermo-couple  used  for  measurement 
at  the  time  given  in  the*  second  column.  The  thermo-couple  in  this 
instance  was.  No.  39  (calibrated  above),  and  the  junction,  after  be- 
ing surrounded  by  a  little  cushion  of  carded  asbestus,  was  enveloped 
by  a  jacket  of  thin  platinum  foil  fastened  to  the  stem  insulator.  The 
junction  is,  of  course,  placed  in  the  axis  of  the  chimney,  since  tempera- 
ture decreases  towards  the  walls.  The  highest  temperatures  are  ob- 
tained by  enveloping  the  chimney  in  the  cylindrical  tube  of  asbestus 
referred  to  above,  in  which  case  the  glass  is  easily  fused.  Lower  tem- 
peratures than  those  of  the  table  may  be  obtained  by  lengthening  the 
chimney  with  the  asbestus  tube  and  observing  near  the  top.  The  aux- 
iliary tubes  are  suitably  wired  in  position. 

In  addition  to  the  large  interval  of  temperature,  the  Argand  lamp  has 
the  advantage  of  furnishing  an  air  bath.  Since  platinum  is  pervious  to 
hydrogen  (see  below),  direct  exposure  to  the  Bunsen  flame  introduces 
an  error  because  of  the  hydrogen  which  passes  through  the  metal.  But 
this  error  does  not  seem  to  be  serious  unless  the  temperatures  are  very 
high. 

In  all  these  cases  the  mean  temperatures  are  satisfactorily  constant, 
but  it  does  not  follow  that  temperature  will  be  constant  throughout  the 
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volume  of  the  platinum  capillary.  Indeed,  variations  of  100°  within  the 
spires  of  the  helix  at  temperatures  as  high  as  1 ,200°  are  not  impossible. 
If,  however,  the  interior  of  the  helix  be  filled  with  some  non-conducting 
substance  like  asbestus  fiber,  and  the  exterior  surface  be  snugly  sur- 
rounded by  a  little  box  of  non-conducting  substance,  like  mica,  the  de- 
gree of  constant  temperature  is  much  improved.  Better  results  are  ob- 
tainable by  surrounding  the  helix  with  alternate  layers  of  good  and  bad 
conductor.  But  in  its  practical  application  this  method  is  troublesome, 
and  I  have  therefore  preferred  to  measure  temperatures  at  both  the  ex- 
terior and  the  interior  surfaces  of  the  helix.  In  the  final  experiments 
two  thermo-electric  junctions  were  in  contact  with  the  outside  and  one 
with  the  inside  of  the  helix. 

Pressures  were  read  ofi°  in  mercury  columns  by  aid  of  the  Grunow 
cathetometer  already  referred  to.  It  is  frequently  necessary  in  this  ap- 
paratus to  open  {he  stop-cocks  at  particular  pressures.  To  obtain  these, 
preliminary  experiments  are  made  (u Einsehiessen"),  and  the  desired 
positions  of  the  meniscus  are  indicated  by  adjustable  fiducial  marks. 

For  the  measurement  of  intervals  of  time  an  excellent  chronometer 
of  Brocking  in  Hamburg  was  available. 

METHODS   OF   COMPUTATION. 

The  general  equation. — The  computations  of  the  present  memoir  are 
based  on  the  PoiseuilleMeyer  transpiration  formula,  the  special  appli- 
cation of  which  to  gaseous  How  is  due  to  Meyer.1  It  is  available  in  two 
forms.     The  first  form  is 

w=iw  i"-^2^ m 

where  u  denotes  the  velocity  of  a  particle  at  a  radius,  r,  from  the  axis 
of  the  capillary  tube,  the  diameter  (bore)  and  length  of  which  are  2R  and 
L,  respectively ;  where  P  and  p  are  the  pressures  at  the  two  ends  of  the 
capillary  tube,  and  where  ?/  denotes  the  coefficient  of  internal  friction 
(viscosity),  C  the  coefficient  of  slip  (Gleituug's  coefficient).  The  second 
form  is  obtained  by  integration  from  equation  (1).  It  contains  a  new 
variable,  viz,  Yl  the  volume  of  gas  transpiring  through  any  section  of 
the  tube  where  the  pressure  is  pi  during  the  time  t. 


F^^^l+4- 


IGa/      p 


1) (-> 


If  this  equation  is  to  be  used  for  the  absolute  evaluation  of  ?/  it  must 

P2— p2 
be  borne  in  mind  that  the  dimensions  of  — - —  are  those  of  a  pressure. 

Hence  if  P  and  p  have  been  expressed  in  terms  of  the  heights  of  col- 
umns of  mercury,  the  factor  6g  must  be  inserted  in  the  right-hand  mem- 


Meyer:  Pogg.  Ann..  *ol.  127,  1866,  p.  269. 
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ber.  Here  $  is  the  density  of  the  mercury  column  and  g  the  accelera- 
tion of  gravity  at  the  place  of  observation.  With  this  introduction 
the  dimensions  of  ?/,  computed  from  equation  (2),  are  [m^T-1],  which 
are  identical,  of  course,  with  the  dimensions  required  by  the  funda- 
mental formula  of  viscosity,  or  by  the  well-known  equation  of  Maxwell. 
7]=0.318p{2L,  deduced  in  the  kinetic  theory  of  gases.  Equation  (2) 
shows,  moreover,  that  the  dimensions  of  Z  are  linear,  agreeing  with  the 
thermo  dynamic  interpretation  of  C,  which  is  proportional  to  the  mean 
free  path  of  the  molecule  of  a  gas.  C  has  been  called  "  Gleitung's  co- 
efficient" by  Helmholtz,  a  name,  the  appropriateness  of  which  appears, 

inasmuch  as  C=^  where  e  is  the  coefficient  of  external  friction  of  the 

8 

gas. 

Neither  formula  (I)  nor  formula  (2)  contain  direct  reference  to  the 
temperature  at  which  transpiration  takes  place.  Such  reference  is, 
however,  implied  in  the  p  occurring  in  the  denominators  of  ^1)  and  (2); 
for  the  value  of  X)  is  given  by  Boyle-Charles's  law  as 

p=Jcp(l+ad) (3) 

where  p  and  6  are  the  density  and  temperature  corresponding  to  the 
pressure  p,  and  where  Tc  is  constant. 

Regarding  the  general  applications  of  (1)  and  (2)  I  will  say  that  the 
derivation  of  these  equations  presupposes  that p  and  p  are  independent 
of  r,  or  that  for  the  points  of  any  given  right  section  of  the  tube_^  and 
p  are  constant.    Again  it  presupposes  a  nearly  steady  How,  such  that  the 

differential  coefficients  of  it2  and  -   ,  i.  e., 

dx 

du  <Pu  d2u 

dx1  dx2*  dxdr' 

• 

where  x  is  measured  along  the  axis  of  the  tube  are  practically  zero. 
Finally  equations  (1)  and  (2)  are  true  only  for  circular  sections.  In  the 
case  of  elliptic  sections,1  with  semi-axes  a  and  by  the  equation  (2)  be- 
comes (supposing  C=0) 

ri=,ti^t   i    **» (3) 

1  pi       S??La2+b2'  v  ; 

so  that  the  equation,  when  a  aud  b  are  not  known,  can  only  be  used  for 
the  interpretation  of  relative  measurements. 

Case  of  two  cold  ends,  absolute  apparatus. — Equation  (2)  is  available 
for  experimental  measurement  in  a  variety  of  ways.  It  presupposes, 
however,  that  the  temperature  of  the  capillary  tube  be  the  same  through- 
out its  length.  This  is,  of  course,  a  feasible  precaution,  for  it  is  only 
necessary  to  weld  the  platinum  capillary  to  platinum  terminal  tubes 

1  Meyer:  Ibid.,  p.  364  ;  Mattliieu :  C.  R.,  vol.  57,  1863,  p.  320. 
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of  larger  bore.  Methods  of  doing  this  will  be  described  below.  Such 
apparatus  would,  however,  be  expensive,  and  in  an  introductory  in- 
vestigation, in  which  easy  variatiou  of  the  capillary  bore  is  one  of  the 
desiderata,  the  use  of  fixed  forms  of  apparatus  is  unadvisable.  Hence 
I  have  made  use  of  platinum  capillary  tubes  with  cold  ends  in  the  way 
described  in  the  preceding  paragraph,  inasmuch  as  these  can  be  drawn 
down  from  the  original  to  any  smaller  radius,  and  then  inserted  into  the 
pneumatic  apparatus  with  comparative  facility.  The  cold  ends,  how- 
ever, introduce  an  error  of  a  serious  kind,  for  which  allowance  must  be 
carefully  made.  Fortunately  this  can  be  done  with  ease  and  accuracy 
by  successive  applications  of  Meyer's  equation. 

As  before,  let  R,  L,  0,  t  be  the  symbols  of  radius,  length,  temperature, 
and  time.  Let  the  platinum  capillary  tube  be  supposed  to  be  made  up 
of  three  parts,  V,  I",  V",  so  that  l/+l//  +  l/,'=L.  Let  the  variables  refer- 
ring to  these  parts  be  similarly  accentuated.  Then  the  following  scheme 
of  variables  presents  itself: 

PF^V'.^iV/'.etc.     p'  V",R",l",  B",  t",  V" ,  etc.    p"  V",  B1",  V",  B'",t"\  ?f",  etc.    p 

Of  the  three  partial  tubes  thus  given  the  first  and  third  are  ends,  and 
hence  I'  and  V"  are  small  as  compared  with  I",  and  6'  and  6'"  small  as 
•compared  with  the  high  temperature  6".  Applied  to  the  apparatus 
described,  the  following  simplifications  are  admissible:  R'z=R'"  —  R'i) 
fy=r/"=rf;  6' =6'"  =6;  moreover  V'p/=V"p"=V'"p'"=  Vp,  and 
t'=t"  —  t'"=t.  The  successive  application  of  Meyer's  equations  thus 
leads  to 


Vkp(l  +  a0)~t 


E 


77  i_i_  a0n  r/i 


(i+4)'    '—  *"(!«•;) 


=  P2-f 


Now,  if  ft  be  the  mean  coefficient  of  expansion  of  platinum,  so  that 
R"=R{)"  (1+/5  6")  (R  and  R0  being  supposed  identical),  I  find  finally  that 


rj' 


1  +  4P/7 


R' 


n  Ri-tf  t  Rn"* 

V     SR0»\H<+1 

16      p      V  I" 

>"1  l+ad 


(i+ft^r 

(5) 


If  this  equation  is  to  express  if  absolutely,  and  if  P  and  p  are  meas- 
ured in  heights  of  columns  of  mercury,  the  factor  6g  must  be  inserted 
in  the  right-band  member,  as  before  (page  252).  Regarding  the  other 
quantities  it  is  clear  that  they  are  measured  in  terms  of  c.  g.  s.  units. 
The  temperature  of  Fis  6. 

Equation  (5)  is  capable  of  much  simplification.     In  the  above  appa- 

ratus  R0"=R();  hence  care  must  be  taken  either  in  making  — p—  as 
small  as  possible,  or  V  and  V"  must  be  correctly  measured.  In  the 
above  apparatus  very  close  contiguity  of  hot  and  cold  parts  of  the  spiral 
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is  secured  by  the  use  of  running  water  in  the  way  described.  Moreovei 
r}  is  small  as  compared  with  77",  because  long  ranges  of  temperature  are 

met  with.     In  view  of  the  factor  (  -?-  )  it  is  obvious  that  the  corrective 

,  V  ^o  J 

factor  may  be  made  to  vanish  speedily  by  selecting  terminals  of  larger 
bore.  If  0=0",  and  therefore  77=77",  equation  (5)  reduces  at  once  to 
equation  (2),  supposing  of  course  that  R0"=R0. 

Case  of  two  cold  ends,  differential  apparatus. — With  this  result  in  hand 
the  question  with  regard  to  the  equations  applying  to  differential  appa- 
ratus of  the  kind  sketched  above  (page  250)  is  next  in  order.  For  the  case 
of  the  hot  helix  there  applies  as  before 

~^rrr,_X  rt  P*-p*  t  R0»*  V      (RjyV  +  i'»~\  l±a6 

1  +  !"    L1"6    *    Y  v     1+4^^    l"   J1+^,/ 

JXi 

and  for  the  cold  helix,  the  temperature  of  which  is  uniformly  0, 

v         ?!  P2-j)2  tc  Bc* . 


1+4C~10     p      Vc  Lc 

Bc 


whence,  very  nearly, 

V 


ri_       -[^tc  V  l"\RcJ      \BQJ       I"     Jl+a0"ti+>™  J     •   l°l 


1+4 
1+4C/-B. 


Now,  if  the  two  helices  be  identical  in  radius  and  length,  and  if  the 
times  of  transpiration  be  also  identical,  then,  since  t=tc;  LC==L;  K0"=l 


B0=Bc-j 


rf' 


4C"  Vc     V  +  V 

^-r  R"       1  +  ad   V~      L 


l+a6"   „       V+V 


(1+/^")4 (7) 


1  +  4CAKC 


Again,  if  as  before,  R"0=R0=:RC,  and  L=LC,  but  the  same  volumes 
are  found  to  transpire  in  the  times  t  aud  tc ;  then,  since  V=  Vc 

tf/_ 

I"  t_     V  +  V" 

*H  1  _l_,vtf   7"  T. 

.......    (8) 


-  ,  4C" 

t     Z'-fJ"' 

X+7F 

1  4-#0  t„        L             „„..*  , 

V 

1      X 

4C 

1+s 
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Finally,  if  8=6"  equation  (6)  furnishes  a  very  simple  equation  for  the 
ratio  of  radii  of  capillary  tubes.     For  if  t=tc 

22"  V      VL 


(?) 


a  relation  which  is  frequently  of  use. 

EXPERIMENTAL   RESULTS. 

Manipulation. — In  describing  the  present  series  of  experiments  it  will 
be  advisable  to  proceed  somewhat  explicitly ;  for  the  methods  were  fre- 
quently varied,  and  variations  of  an  apparently  trifling  kind  were  fre- 
quently found  of  great  practical  importance.  Neither  is  it  expedient  to 
retain  wholly  the  chronologic  order  of  experiment.  The  following  tables, 
81  to  89,  represent  a  connected  series  of  experiments,  in  which  the  method 
used  is  gradually  perfected,  and  in  which  the  data  therefore  approach  the 
true  law  of  variation  more  fully  as  the  experiments  proceed. 

In  making  these  experiments  the  apparatus,  Figs.  44  to  46,  was  used. 
The  air  which  had  transpired  was  therefore  caught  after  efflux  from  the 
capillary  tubes.  Inasmuch  as  the  receiver  B  is  very  large  (550cc)  and 
transpiration  through  the  capillary  tube  takes  place  at  a  very  slow  rate, 
almost  no  effect  is  produced  in  the  pressure  of  the  gas  in  B  when  the 
cock  K  (Figs.  43,  46)  is  opened.  This  is  a  great  convenience  in  manipu- 
lation and  suggests  the  following  scheme  of  operations :  Suppose  the 
Mariotte  flask  to  be  in  its  lowest  position  on  the  standard,  aaaa  bbbb, 
all  cocks  except  K  open,  and  the  Mariotte  uncorked.  Mercury  will  then 
have  run  back  into  A,  and  the  reservoir  B  will  be  filled  with  dry  air. 
Now,  close  the  cocks  G  and  8  and  cork  the  Mariotte.  Hoist  the  flask  A 
to  the  level  above  B  desired,  and  clamp  it.  Open  G  slightly  at  first 
until  the  mercury  is  seen  just  above  D  and  then  close  D.  Mercury  will 
then  flow  into  B  through  P  U  Q  (the  cock  G  being  now  fully  open)  until 
the  maximum  pressure  is  registered  by  the  manometer  R  R'R'.  Both 
the  lower  and  upper  meniscus  of  this  are  read.  The  gas  in  B  is  therefore 
practically  under  the  pressure  under  which  it  is  to  be  passed  through 
the  capillaries.  Inasmuch  as  the  volume  of  B  is  more  than  ten  times 
as  large  as  the  volume  to  be  measured  after  efflux,  the  pressure  appa- 
ratus is  ready  for  a  number  of  consecutive  experiments.  After  the 
receiver  is  quite  filled  with  mercury  and  the  cock  JT is  closed,  G  is  closed 
also  and  the  Mariotte  flask  is  lowered  and  unstopped.  D  is  now  opened 
and  G  is  opened  cautiously,  so  as  to  take  the  pressure  out  of  the  ma- 
nometer. After  this  is  done  S  is  opened,  whereupon  G  may  be  fully 
opened  and  the  mercury  thus  flows  back  to  A,  while  B  fills  with  dry 
air.  The  operations  are  then  repeated  and  the  gas  in  B  is  put  under 
pressure  for  the  next  ten  experiments.  This  is  the  mode  of  experimen- 
tation in  the  main,  although  accidents  or  divers  special  purposes  suggest 
slight  variations  of  it.    It  is  desirable  to  draw  no  air  through  the  ma- 
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nometer  B  B'  B' ' ;  for  not  only  will  such  air  be  moist,  but  the  mercury 
hurled  out  of  B'  B'  by  bubbling  displaces  the  lower  meniscus  to  a  seri 
ously  low  level  some  times.  During  the  experiments  the  lower  meniscm 
remains  constant  in  level.  Hence  the  upper  meniscus  need  be  read  oubj 
for  the  detection  of  slight  variations,  and  the  fact  that  the  lower  menis 
cus  is  finally  hid  by  the  surrounding  mercury  is  no  disadvantage. 

Nomenclature. — The  results  were  computed  from  equation  (5),  on  pag( 
254.  The  data  in  the  table  are  similarly  designated,  and  their  full  sig 
nification  is  as  follows : 

P  is  the  pressure  of  the  gas  at  influx,  i.  e.,  when  it  enters  the  plati 
num  capillary.  P  therefore  is  the  zero  height  of  the  mercury  columr 
in  the  manometer  plus  the  zero  height  of  the  barometer.  Correction  h 
to  be  made  for  capillary  depression  of  the  upper  meniscus  of  the  ma: 
nometer.  Correction  is  also  to  be  made  for  optic  displacement  of  the 
lower  meniscus  of  the  manometer  when  seen  through  the  walls  of  the 
reservoir  B  (Fig.  44).  As  the  mean  effects  produced  by  these  twc 
errors  were  in  a*n  opposite  sense,  and  nearly  the  same  in  magnitude,  ] 
did  not  apply  them.     Moreover  they  have  no  effect  on  F  {6"). 

p  is  the  pressure  of  the  gas  at  efflux.  Hence  it  is  equal  to  the  zerc 
height  of  the  barometer  increased  by  the  mercury  value  of  the  dept'fc 
of  the  efflux  tubes  below  the  level  of  water  in  the  trough.  Perhaps  J 
ought  also  to  have  been  increased  by  the  capillary  reaction  effect  oj 
water  at  the  point  of  efflux.  But  as  I  could  not  estimate  this,  I  used 
large  values  of  P  in  order  to  secure  as  steady  and  rapid  a  flow  as  per 
missible. 

t  is  the  time  which  corresponds  to  the  volume  of  gas  VQ  measured 
after  transpiration.  It  is  usually  advisable  to  make  /  nearly  constanl 
and  measure  the  variation  of  V0.  The  time  errors  made  in  opening  and 
closing  the  stop-cock  K  are  not  larger  than  one-fifth  of  a  second.  Henct 
t  can  be  measured  sharply. 

VQ  is  the  volume  of  dry  air  escaping  at  the  normal  pressure  76cn 
and  temperature  0°  C.  V  (page  248)  being  the  true  variable,  some  pains 
must  be  taken  in  correcting  it.  In  the  first  place,  inasmuch  as  V  is  meas- 
ured over  water,  it  must  be  reduced  to  dryness,  to  zero  centigrade,  and 
to  76cm.  This  is  conveniently  done  by  the  aid  of  Landolt  and  Boern- 
stein's  tables,  it  being  remembered  that  Fis  under  atmospheric  pressure 
minus  the  mercury  value  of  the  residuary  column  of  water  in  the  bu- 
rette llll.  Finally  V  must  be  corrected  for  the  solubility  of  the  gas, 
which  in  case  of  air  may  be  neglected,  but  in  case  of  hydrogen  is  as 
large  as  2  per  cent.  Formula  (5),  however,  calls  for  V  at '#  and  p. 
Hence,  if  Fis  reduced  at  once  to  0°  and  76cm  by  tables,  it  is  convenient 
to  transform  formula  (5)  into 


J    1 


l.^C" ~L16      76      VQl"       1  +  ±Q\H0J      l"     J     l  +  «0" 
+ W  B 
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Vn 
which  easily  results  since  ^~^=76.V0,B>n&  the  effect  of  (l+<*0)  on  the 

^orrecti  ve  member  of  formula  5  may  be  neglected,  when  6  is  small. 

Finally,  Finust  be  corrected  for  the  amount  of  air  left  in  the  adit  tube 
g  h,  after  the  cock  is  closed.  To  reduce  this  dead  space  to  the  smallest 
value  it  is  desirable  to  fill  up  the  tube  g  h  partially  with  glass  rod.  The 
residual  space  is  easily  measured,  as  follows:  Let  v  be  this  residual 
volume.  Then,  if  in  the  time  %  which  elapses  between  opening  and 
closing  the  cock  k,  the  volume  V  escapes  into  the  measuring  tube,  the 
volume  ultimately  found  there  is  a=  V+v.  Again,  if  during  the  same 
time  t  the  cock  had  been  opened  and  closed  n  times  (delays  of  opening 
and  closing  supposed  to  be  allowed  for)  the  volume  found  in  the 
measuring  tube  is  b=  V+nv,     Hence 

b— a=z(n—l)v 

whence  v  may  be  found. 

6  is  the  temperature  of  the  cold  ends  V  and  V"  of  the  capillary  as  well 
is  the  temperature  at  which  the  wet  air  in  the  burette  is  measured.  It 
I  determined  by  submerging  a  thermometer  in  the  trough  MM. 

6"  is  the  temperature  of  the  hot  part  I"  of  the  platinum  tube.  Re- 
narks  concerning  its  measurement  will  be  found  with  each  table  since 
iris  variable  is  the  difficult  one  to  evaluate  correctly.  The  measure- 
ment of  the  actual  value  of  6"  is  directly  dependent  on  the  degree  of 
jonstant  temperature  in  the  helix. 

i£,  finally,  denotes  the  radius  of  the  capillary  tubes.  It  is  this  quantity 
svhicli,  in  case  of  fine  opaque  capillary  tubes,  it  is  exceedingly  difficult  to 
leteriniue.  In  some  of  the  experiments  below  I  subsequently  filled  the 
tubes  with  mercury  in  ways  there  to  be  indicated,  and  weighed  the 
thread.  But  in  the  experiment,  Tables  81  to  80,  I  did  not  wish  to  en- 
tail ger  the  platinum  tubes  by  employing  this  method.  Nor  did  I  think 
X  safe  to  apply  volumetric  methods  like  those  described  on  pp.  195,  214. 
The  only  procedure  left  therefore  consists  in  weighing  (mass  m) 
known  lengths,  L,  of  the  capillary,  and  measuring  the  external  diam- 
eter Ecx  by  screw  calipers.  From  the  known  density  3  of  platinum  the 
internal  radius  B  may  be  calculated  at  once  in  its  square  value  as 

7?2_  r>  2__     m 

Cn fortunately  this  is  a  crude  method  at  best,  and  the  problem  is  even 
more  seriously  difficult,  because  formula  6  calls  for  the  fourth  power  of  E. 
Flence  the  absolute  values  of  ?/'  and  rf  in  the  table  are  distorted ;  but 
isince  this  distortion  is  uniform  for  all  data,  and  since  it  does  not  therefore 
affect  the  relative  values,  the  errors  introduced  by  incorrect  R  do  not 
interfere  with  the  chief  purposes  of  the  present  investigation. 
I  The  attempt  to  obtain  absolute  values  from  metallic  capillary'  tubes 
Bull.  54—17  (911) 
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is  perhaps  futile.  It  is  impossible  to  guaranty  that  in  such  tubes  th< 
radius  is  either  rigorously  uniform  throughout  the  length  of  the  tub 
or  that  the  capillary  canal  is  truly  circular  in  section.  Coiling  of  tubes 
so  essential  in  very  high  temperature  work,  also  flattens  the  section 
In  drawing  tubes  flaws  or  splinters  of  metal  partially  projecting  inp 
the  capillary  canal  can  not  always  be  obviated.  But  all  these  effect 
are  not  hurtful  where  relative  results  are  alone  of  interest.  This  is,  oi 
course,  the  case  in  pyrometry. 

Hydrogen  and  air,  as  used  in  the  following  tables,  are  not  intender 
to  refer  to  absolutely  pure  gases.  Both  gases  were  dried,  of  course,  ii 
the  usual  way.  But  the  hydrogen  may  contain  traces  of  air  or  sul 
phide,  and  the  air  was  not  freed  from  carbonic  acid.  My  object  in  th< 
following  experiments  was  to  test  the  possibility  of  an  identity  of  lai 
in  the  case  of  two  thoroughly  different  gases,  the  zero  properties  of  eacl 
of  which  were  continually  redetermined,  i.  e.,  before  each  experiment i 
Inasmuch  as  these  gases  are  to  be  true  gases,  all  vaporous  constituent 
were  to  be  excluded.  At  high  temperatures,  however,  even  this  pre* 
caution  is  not  essential. 

Data. — Tables  81  and  82  contain  the  results  of  consecutive  series  o 
experiments  made  with  air  and  with  hydrogen,  respectively.  In  thesr^ 
early  experiments  I  did  not  venture  to  solder  the  terminals  of  the  helh 
into  the  walls  of  the  pneumatic  trough  from  fear  of  injury  to  the  tubes 
Hence  the  trough  leaked  at  high  temperatures,  and  the  water  wetting 
the  outside  of  the  asbestus  chimney  or  furnace  which  surrounds  thu 
helix  and  burner  was  the  cause  of  an  irregular  distribution  of  temi 
perature,  which  I  did  not  foresee.  Temperature  being  measured  in  thu 
inside  of  the  helix  at  a  point  nearest  the  trough  is  therefore 

decidedly  low,  for  it  is  here  that  the  effect  of  cooling  the  en 

vironment  is  seriously  felt.    The  position  of  the  thermo 

couple  (No.  37,  calibrated  above)  is  nearly  that  given  ii 

Fig.  47.    Moreover,  the  helix  itself  is  naked,  that  is,  no 

jacketed  by  an  envelope  of  mica  or  other  substance  of  lov 

thermal  conductivity.     Temperatures  near  1,000°  are  ob 

tained  by  direct  exposure  to  the -flame  of  the  chimneyed 

Bunsen  burner:  higher  temperatures  (usually  above  1,200° 

by  exposure  to  the  flame  of  the  air-blast  lamp.    Tempera I 

fig.  47.  Vertical    tures  below   800°  (usually)  are  obtained  in  the  air  batl'i 

section  through    0f  the  petroleum  Argand  burner,  the  chimuey  of  whicl 

.    helix.     Scale  i.      .  .,    f,      .       ,      .     ,     &  '  J 

is  suitably  jacketed. 
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Table  81. —  Viscosity  of  air .     Platinum  capillary.     Thermo-couple  No.  kM '. 
(Capillary  tube  No.  10.      Zr=33.43nm.        V  +  1"  =4A'm.        tjo  =  0.0002508.        0  =  6°.        ^=0.00794"".] 


p 

P 

t" 

Vo 

0" 

v" 
1+4  i"  IR" 

F(6") 

124.  28 
124.  28 
124.  28 

88.49 

88.49 
88.49 
88.69 

124. 66 
124.  68 
124.  76 
124.  83 

124.  51 

76.02 
76.02 
76.02 

75.92 
75.92 
75.  92 
75.92 

75.92 
75.92 

75.92 
75.92 

75.  95 

165 
162 
160 

770 
810 
795 
810 

155 
160 
160 
160 

725 

49.11 
48.95 

48.25 

47.91 
50.27 
50.39 
51.34 

47.28 
48.20 
48.50 
48.50 

48.43 

6 
6 

6 

6 
6 
6 
6 

6 
6 
6 
6 

430 

0. 0002592 
2553 
2558 

0.  0002618 
2625 
2570 
2615 

0. 0002557 
2585 
2580 
2584 

0.  0005255 

2.096 

124.  64 

75.95 

725 

47.73 

442 

5265 

2.100 

124.  64 

75.  95 

760 

49.11 

455 

5276 

2.105 

124.  64 

75.95 

760 

48.11 

464 

5324 

2.123 

124.  63 

75.95 

780 

48.39 

472 

5370 

2.142 

124.  61 

75.95 

785 

47.59 

483 

5425 

2.164 

124.61 

75.  95 

810 

48.44 

490 

5463 

2.179 

124.  77 

75.95 

935 

49.  85 

558 

0. 0005670 

2.262 

124.  84 

75.  95 

905 

48.53 

554 

5674 

2.263 

J  24.  87 

75.95 

900 

48.49 

552 

5664 

2.259 

124.  51 

75.95 

905 

48.58 

546 

5669 

2.261 

124.  55 

75.95 

900 

48.44 

545 

5665 

2.259 

124.  55 

75.95 

1485 

49.74 

840 

0. 0006824 

2.722 

124.  73 

75.95 

1470 

49.64 

828 

6869 

2.740 

124.  28 

76.19 

1655 

50.16 

880 

0. 0007221 

2.879 

124. 00 

76.19 

1560 

47.66 

871 

7163 

2.856 

124. 01 

76.19 

1620 

49.91 

861 

7162 

2.855 

124, 01 

76.19 

1590 

48.56 

865 

7201 

2.871 

124.  03 

76.19 

2080 

47.67 

1141 

0. 0007829 

3.122 

124.03' 

76.19 

2110 

48.08 

1136 

7903 

3.151 

124. 77 

76.39 

20c0 

48.56 

1127 

0.  0007771 

3.099 

124.  77 

76.39 

2070 

49.16 

1125 

7765 

3.096 

124.  77 

76.39 

2085 

50.04 

1114 

7732 

3.083 

124.77 

76.39 

2040 

49.30 

1104 

7802 

3.111 

124. 53 
124.  53 
124.  53 
124.  53 

88.25 
88.31 
88.31 
88.29 

76.29 
76.29 
76.29 
76.29 

76:29 
76.29 
76. 29 
76.29 

160 
160 
160 
160' 

840 
840 
840 
840 

48.75 
48.71 
48.65 

48.71 

50.49 
50.60 
50.60 
50.4  9 

6 

0.  0002546 

6 
6 
6 

6 

2548 

2551 

2548 

0.  0002619 

2627 

6 
6 

2627 

2628 
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Table  82. —  Viscosity  of  hydrogen. 
ICapillary  tube  No.  10.        i=33.43c'».        Z'  +  Z"'  =  4.4cm.        r)„=0.0001392.  6=7°. 


.R= 0.00794™.] 


p 

V 

124. 96 

76.72 

124. 96 

76.72 

124.  96 

76.72 

88.72 

76.72 

88.71 

76.72 

88.73 

76.72 

88.75 

76.72 

124. 61 

76.72 

124.  62 

76.72 

124.  62 

76.72 

124.61 

76.72 

88.56 

76.72 

88.60 

76.72 

88.62 

76.72 

124. 53 

76.71 

124.  54 

76.71 

124.  58 

76.71 

To 

6" 

49.43 

6 

49.47 

6 

49.49 

6 

50.93 

6 

51.58 

6 

51.30 

6 

48.06 

6 

49.34 

6 

49.56 

6 

49.60 

6 

49.51 

6 

50.78 

6 

49. 15 

6 

51.39 

6 

49.73 

392 

48.62 

380 

43.37 

428 

1+H"/R<> 


90 
90 
90 

480 
485 
480 
450 

90 
90 
90 
90 

480 
460 
480 

365 
360 
360 
Fresh  hydrogen  supplied. 


125.49 

77.29 

380 

49.99 

398 

125.  53 

77.29 

385 

49.49 

411 

125.  53 

77.29 

395 

49.65 

424 

125.  52 

77.  29 

420 

50.51 

437 

125.  55 

77.29 

420 

49.49 

452 

125.  63 

77.29 

420 

48.59 

461 

125.  69 

77.29 

440 

49.52 

474 

126.  71 

77.29 

530 

50.26 

565 

126.  55 

77.29 

565 

48.80 

634 

126.  67 

77.29 

570 

48.22 

644 

126. 67 

77.  29 

600 

49.69 

658 

126.  68 

77.29 

600 

48.12 

668 

126.  70 

77.29 

780 

48.40 

848 

126.  70 

77.29 

780 

49.19 

834 

126. 69 

77.29 

780 

48.89 

835 

126.  70 

77.29 

780 

48.89 

834 

126. 68 

77.29 

815 

50.92 

834 

126.  53 

77.26 

1050 

48.91 

1006 

126.  57 

77.  26 

1035 

48.98 

997 

126.  64 

77.26 

1020 

48.86 

994 

0.  0001419 
1418 
1418 

0. 0001497 
1478 
1488 
1491 

0. 0001409 
1403 
1402 

1404 

0.  0001481 
1472 
1470 

0. 0002749 

2747 
2874 

0. 0002792 
2810 
2822 
-  2899 
2905 
2932 
2968 

0. 0003251 
3300 
3293 
3470 
3446 

0. 0003807 
3766 
3786 
3791 
3799 

0.  0004438 
4404 
4365 


F(6") 


1.975 
1.974 
2.065 

2.006 
2.019 
2.028 
2.  083 
2.087 
2.107 
2.133 

2.336 
2.371 
2.366 
2.493 
2.476 

2.735 
2.706 
2.720 
2.723 
2.730 

3.189 

3.105 
3.136 


Immediately  after  the  high-temperature  measurement. 


126. 32 
126.  32 


90 


50.69 
50.19 


0.0001415 
1414 


77.  26 

77.26 

After  a  day.     Fresh  hydrogen  supplied 
125.35  ' 
125. 40 


125.  02 
125.  02 
125.  03 
125. 06 


77.43 

90 

48.98 

7 

77.43 

90 

49.02 

7 

Fresh 

hydrogen  supplied 

77.43 

90 

48.56 

7 

< 

77.43 

90 

48.  45 

7 

77.43 

90 

48.49 

7 

77.43 

90 

4^.52 

7 

0. 0001424 
1425 


0. 0001425 
1428 
1427 

1427 
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p 

P 

t" 

To 

6" 

V 
l+4$»/M» 

F(6") 

125.07 

89.43 

.  89.41 

89.42 

77.43 

77.  4.", 
77.43 
77.43 

90 

480 
480 

480 

48.52 

48.  56 
48.  62 
48.98 

7 

7 

7 
7 

1428 

0.  0001579 
1574 
1564 

Bearing  in  mind  therefore  that  the  curve 


1+4 


F{6")  = 


R" 


x+4i 


is  given  by  these  results,  is  necessarily  high,  I  constructed  F(&")  both 

(or  Table  81  and  for  Table  82.  The  result  shows  a  most  surprising 
legree  of  coincidence  in  the  values  for  air  and  for  hydrogen,  proving 
|beyond  a  doubt  that  the  same  law  of  variation  F{0")  must  apply  to 
)oth  gases.  Since  the , locus  constructed  falls  below  {l+a6")l,  where 
y=().()036G5,  the  coefficient  of  expansion  of  gases,  the  true  value  of  F(B") 
aiust  fall  decidedly  below  (l-\-ad")l  and  a  fortiori  below  the  formula 


'L  =1  +  0.002751* 


0.00000034*2 


>y  which  Holman  reproduced  the  data  of  his  fine  observations  for  air 
>etween  0°  C.  and  100°.  Now,  although  the  data  in  the  locus  drawn  fall 
>elow  (1 +  <*#")*,  it  can  not  at  once  be  assumed  that  (1+ <*#")?  is  to  be 

7)" 

liscarded  as  the  value  of  -L-  for  in  view  of  the  occurrence  of  the  factor 


//„ 


1+4 


R 

here  C  is  essentially  positive  and  increasing  with  6",  it  does  not  follow 
hat  F(6")  and  '    are  identical. 

m 

The  curve  shows  the  effect  of  a  cold  environment  in  a  very  striking 
ray;  for  the  Bunsen-burner  temperatures  here  lie  at  only  850°,  and 
,140°  is  the  highest  temperature  reached  by  the  blast-lamp.  Clearly 
he  mean  temperature  of  the  thermo-couple  is  only  a  nominal  value  for 
he  mean  temperature  of  the  helix  of  platinum  tube.  This  is  proved 
>y  the  high  values  of  F(0")  for  hydrogen  at  1,000° ;  for  these  large  data 
re  due  to  the  fact  that  platinum  is  pervious  to  hydrogen,  an  effect 
rhich,  in  the  following  tables,  does  not  produce  a  serious  discrepancy 
ntil  much  higher  temperatures  are  reached. 

(915) 
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In  Tables  83  and  84  results  are  given  for  hydrogen  and  air,  respec 
ively,  with  an  improved  form  of  apparatus.  The  thermo  electric  junetioi 
still  occupies  a  position  near  the  center  of  figure  of  the  helix  and  pro4 
tected  from  direct  action  of  the  flame  by  a  flat  plug  or  pellicle  of  asbestusl 
(Fig.  47c);  but  the  terminal  tubes  of  the  helix  are  soldered  into  th# 
walls  of  the  pneumatic  trough,  through  which  they  project.  In  thil 
way  a  leakage  of  water  is  prevented,  and  the  chimney  of  the  burnei 
remains  dry  and  of  unifrom  temperature.  The  helix,  however,  is  nakecfl 
here,  as  in  the  foregoing  experiment. 

Table  83. —  Viscosity  of  hydrogen. 


[Capillary  tube  No.  10. 


i=33.43cm.        I'  +  V' 


4.4' 


ij  =0.0001416.         6>  =  60  11=0.00794"".) 


p 

P 

t" 

To 

9" 

7j" 

F(6") 

1W/B" 

123.  97 

75.66 

95 

51.38 

6 

0.  0001^27 

123.  97 

75.66 

90 

48.73 

6 

1426 

123.  97 

75.66 

90 

48.70 

6 

1427 

123.  97 
123.  98 

75.66 
76.66 

90 
90 

48.80 
48.78 

6 
6 

1424 
1425 

123.  82 

75.66 

90 

48.33 

6 

0. 0001432 

123.83 

75.66 

90 

48.37 

6 

1431 

123.  81 

75.66 

90 

48.42 

6 

1429 

.  123.  83 

75.66 

90 

48.37 

6 

1431 

123.  85 

75.66 

90 

48.39 

6 

1431 

123.  83 
123.  88 

75.66 
75.60 

90 

48.37 
50.64 

6 

482 

1431 
0. 0002813 

440 

1.986 

123.  90 

75.60 

440 

49.83 

490 

2831 

1.999 

123.  92 

75.60 

440 

49.64 

490 

2842 

2.007 

123. 92 

75.60 

440 

49.61 

504 

2867 

2.  021 

123.  92 

75.60 

440 

47.89 

511 

2874 

2.030 

123. 67 

75.62 

630 

50.63 

671 

0. 0003244 

2.  291. 

123.  68 

75.62 

660 

50.96 

695 

3307 

2.  336 

123.  64 

75.62 

660 

50.23 

705 

3320 

2.345 

123.  64 

75.62 
75.62 

680 

50.93 

715 

0. 0003340 

2.359 

123.85 

75.62 

660 

51.75 

688  . 

3295 

2.327 

123.  85 

75.62 

660 

51.55 

691 

3299 

2.330 

123.  85 

75.62 

660 

50.95 

700 

3306 

2. 335 

123.  85 

660 

50.14 

707 

3336 

2.356 

121.  75 

75.72 

1115 

50.82 

985 

0. 0004162 

2.939 

121.  73 

75.72 

1115 

50.77 

985 

4165 

2.941 

124.  64 

76.25 

1080 

50.82 

1010 

0. 0004231 

2.987 

124.  63 

76.  25 

1080 

50.73 

1010 

4237 

2.992 

124.  81 

76.  25 

1080 

51.10 

1007 

4237 

2.992 

124.  83 

76.  25 

1080 

51.19 

1005 

4238 

2.993 

124.  84 

76.25 

1080 

51.21 

1006 

4234 

2.990 

124.  65 

76.32 

1560 

51.24 

1222 

0. 0005254 

3.710 

124. 64 

76.32 

15G0 

51.26 

1227 

5189 

3.6G4 

124.  65 

76.32 

1560 

51.  45 

1224 

5228 

3.  692 

124.  79 

76.32 

1560 

52.23 

1223 

5176 

3.  655 

(916) 
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p 

P 

t" 

Vo 

6" 

■q" 

F{9") 

l+4£"/R" 

124.  31 
124.31 
124. 31 
124.  31 
124.  31 

123.  99 

123.  99 

124.  03 
124.  00 

76.35 
76.35 
76.35 
76.35 
76.35 

76.37 
76.37 
76.37 
76.37 

90 
95 
95 
95 
95 

95 
95 
95 
95 

47.52 
50.56 
50.85 
50.96 
50.96 

50. 51 
50.50 
50.47 
50.51 

5 
5 

5 
5 
5 

5 

5 
5 
5 

0. 0001464 
1453 
1444 
1441 
1441 

0. 0001441 
1442 
1444 
1442 

Capillary  tube  No.  10. 


Table  84. —  Viscosity  of  air. 

L  =  33.43CID.        I'+V"  =  4.4em.         y  =  0.0002472.        6  =  5°.        R  =  0.00794cm.] 


p 

P 

t" 

Vo 

0" 

v" 

F(Q") 

1+H"/R" 

325.24 

77.08 

165 

51.31 

5 

0.  0002517 

125.  24 

77.08 

165 

51.31 

5- 

2517 

125. 23 

77.08 

165 

51.36 

5' 

2514 

125. 23 

77.08 

165 

51.46 

5 

2509 

125.  25 
125. 36 

77.08 
77.08 

165 
165 

51.36 
51.52 

5 
5 

2515 
2514 

125.  08 

77.08 

165 

51.16 

5 

0.  0002514 

125. 08 
125.  08 
125.  08 

124. 93 

77.08 
77.08 
77.08 

7G.97 

165 
165 
165 

560 

51.16 
51.22 
51.  22 

50.77 

5 
5 
5 

335 

2514 
2511 
2511 

0.  0004385 

1.774 

124.  93 

76.97 

780 

51.90 

473 

4925 

1.993 

124. 95 

76.97 

740 

52.20 

448 

4805 

1.944 

124. 77 

76.80 

810 

51.83 

491 

0.  0005035 

2.037 

124.77 

76.80 

810 

51.11 

499 

5050 

2.043 

124.  74 

76.80 

880 

51.57 

536 

5201 

2.104 

124.  73 

76.80 

920 

51.43 

563 

5285 

2.138 

124.  73 

76.  80 

945 

51.67 

575 

5331 

2.157 

124. 77 

76.  80 

960 

51.57 

585 

5377 

2.175 

124.  76 

76.80 

980 

51.94 

595 

5391 

2.181 

124.  04 

76.19 

1C80 

50.62 

930 

0. 0006910 

2.  796 

124.  08 

76.17 

1665 

51.42 

917 

6836 

2.766 

124.  05 

76.13 

1665 

50.98 

919 

6882 

2.784 

123.  97 

76.05 

1665 

51.15 

914 

6883 

2.785 

123.  88 

75.97 

1665 

51.61 

912 

6822 

2.760 

123.  69 

75.79 

2780 

51.21 

1337 

0. 0008598 

3.479 

123.  65 

75.71 

2820 

50.  87 

1337 

8784 

3.554 

123.  64 

75.66 

2860 

50.81 

1337 

8925 

3.611 

123.  60 

75.62 

2880 

50.85 

1340 

8966 

3.627 

123  37 

75  97 

165 

50  10 

r} 

0.  0002500 

123  37 

75  97 

165 

49.99 
50  15 

r 

2505 

123  37 

75  97 

165 

5 

2498 

123. 40 

123.  40 

75  97 

165 

50  03 

5 

2505 

75.97 

165 

50.09 

5 

2503 

(91' 
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Fig.  47a.  Plan  of  helix  and  thermo-couples. 


These  results  (Tables  83  and 
84)  justify  the  predictions  inadi 
relative  to  the  hurtful  charactei 
of  the  leak.    For  if  F{6")  be  con* 
structed  it  falls  decidedly  below 
the  earlier  curve.     Below  1,000°, , 
moreover,  the  air  and  hydrogen 
loci  show  a  striking  degree  oft1 
coincidence  (see  chart,  Fig.  48),, 
substantiating  the  earlier  infer- 
ence that  F  (9")  has  the  same 
value  for  these  two  gases,  audi 
that  the  value  of  6",  thermo  elecl 
trically  measured,  is  not  the  true 
mean  temperature  at  which  trans} 
pi  ration  actually  occurs^    Abovi 
1,000°    the    air    and    hydrogen! 
curves  diverge;  but  this  is  due 
to  the  fact  that  platinum  is  much 
more  pervious  to  hydrogen  thaw 
to  air.    Again,  in  consequence  of 
the  tendency  of  the  gases  of  the 
burner  to  enter  the  tubes,  as  well 
as  the  relatively  large  negative] 
errors  of  0"at  high  temperatures, 
the  curvature  of  both  loci  changes 
from  cod  cavity  downwards   be-; 
low  1,000°  to  concavity  upwards! 
above  1 ,000°.  Hence  above  1 ,000° 
the  true  character  of  V'/r/o  is 
marred  by  the  occurrence  of  dif- 
fusion across  the  walls  of  the 
platinum  capillary  tube.     It  ap- 
pears from  the  data,  at  extremes 
of  high  temperature  (hydrogen; 
0=l,225o  nearly,  air  0= 1,335° ' 
nearly),  that  the  large  distortion 
produced  by  diffusion  is  never- 
theless of  a  determinable  kind. 
It  may  therefore  be  eliminated 
by  applying  suitable  corrections, 
as  will  be  stated  below.     The  oc- 
currence of  the  consecutive  high- 
temperature  points,  lying  nearly 
vertically  one  above  another,  is] 
due   to   the  fact  that  the   11011- 
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registered  temperature  at  the  outside  of  the  helix  continues  to  increase 
long  after  the  internal  and  registered  temperature  is  practically  station- 
ary. The  mean  temperature  of  the  helix  is  thus  still  on  the  increase,  after 
the  temperature  of  the  thermo-couple  is  constant,  and  the  discrepancy 
in  question  points  out  an  ordinary  phenomenon  of  heat  conduction.  All 
these  peculiarities  appear  clearly  in  Fig.  48,  where  points  dashed  up- 
ward refer  to  hydrogen,  points  dashed  downward  refer  to  air.  Leaving 
the  exceptional  values  out  of  consideration,  the  data  of  these  tables  are 
of  special  importance.  They  show  that  the  locus  F{8")  does  not  only 
lie  below  (1+a  #")*,  but  that  its  value  is  most  probably  (l+« ■  S")%. 
Indeed,  the  close  coincidence  of  the  data  between  400°  and  800°  with 
the  function  (1+a  6")%  is  an  exceedingly  striking  observation.  When 
it  is  called  to  mind  that  theoretical  reasons  suggest  the  exponential 

r 
form  (l+«  6")n,  that  the  effect  of  slip  1+4  „  is  in  the  opposite  sense 

to  the  necessarily  negative  error  in  6",  then  the  acceptation  of 
(l+«0")3as  the  simplest  convenient  expression  for  the  co-ordination 
of  all  the  data  F(6")  is  easily  justified. 

Tables  81  to  84  have  proved  beyond  a  doubt  that  the  predominating 
error  in  the  present  experiment  is  introduced  by  the  fact  that  the  mean 
temperatures  of  the  viscosity  pyrometer  and  of  the  thermoelement  are 
essentially  different.  The  degree  of  constant  temperature  throughout 
the  space  occupied  by  these  two  instruments  is  therefore  by  no  means 
sufficient ;  hence  I  made  a  few  measurements  on  the  effect  produced  by 
changing  the  position  of  the  thermo-couple  and  of  enveloping  the  helix 
with  layers  of  a  nonconducting  material.  '  I  also  endeavored  to  test  in 
how  far  a  more  reliable  temperature  datum  could  be  obtained  from  the 
simultaneous  indications  of  two  or  more  thermo  couples  touching  dif- 
ferent points  on  the  inside  and  on  the  outside  of  the  helix. 


Table  85. —  Viscosity  of  air.     Miscellaneous  tests. 
[Capillary  tube  No.  10.        £=33.43CD>.        l'+l"'=4A^        ij0=0.0002472.         0=6^. 


JK=0,00794cn>.] 


p 

P 

t" 

To 

0" 

7)" 

F(6") 

1+4^/P 

I. 

-Therm 

o-couple 

nearly  i 

laked. 

123. 11 

75.93 

170 

51.35 

5 

0.  0002497 

123. 13 

75.  93 

170 

51.35 

5 

2499 

123. 15 
123. 17 

123. 17 

124.  29 

75.93 
75.' 93 
75.93 

75.80 

170 
170 
170 

1S00 

51.40 
51.38 
51.38 

51.60 

5 
5 
5 

1055 

2497 
2500 
2500 

0. 0006716 

2.717 

124. 31 

75.80 

1950 

51.60 

1040 

7359 

2.  977 

124.  30 

75.80 

1845 

51.00 

1062 

6933 

2.  805 

124. 17 

75.89 

2460 

50.96 

1347 

0.  0007684 

3.109 

124. 22 

75.  82 

24G0 

50.50 

1338 

7813 

3. 161 

124.  27 

75.79 

2460 

50.  39 

1336 

7852 

3.177 

(919) 


266 


MEASUREMENT    OF   HIGH    TEMPERATURES. 
Table  85. — Viscosity  of  air.     Miscellaneous  tests — Continned. 


[BULL.  54. 


p 

t" 

To 

9" 

rj" 

F(9") 


II. — Two  thermo-couples  touching  the  inner  face  of  the  naked  helix. 


125.  30 

76.95 

165 

51.38 

6 

0. 0002514 

125. 29 

76.95 

165 

51.38 

6 

2513 

125.  29 

76.95 
76.95 

165 
165 

51.35 
51.45 

6 
6 

2514 
2511 

125.  31 

125.40 

76.95 

165 

51.68 

6 

2506 

124. 97 

76.89 

1780 

52.74 

964 

0. 0006947 

124. 95 

76.84 

1740 

51.69 

962 

6942 

124.  89 

76.80 

1770 

52.47 

959 

6966 

124. 85 

76.76 

1740 

52.05 

956 

6917 

124.  75 

76.66 

2520 

51.30 

1224 

0.  0008453 

124.  78 

76.62 

2580 

51.31 

1227 

8594 

124.  92 

76.59 

2700 

51.51 

1231 

9028 

2.811 
2.  809 
2.819 
2.789 

3.420 
3.477 
3.653 


III. — Temperature  measured  inside  and  (by  contact)  outside. 


124. 71 

76.61 

2940 

51.50 

C  1380 
>  1233 

1 0. 0009340 

124.  67 

76.58 

1800 

51.38 

C  1132 
\      988 

1 0.  0006677 

124. 70 

76.60 

1800 

51.07 

C  1035 
\     974 

1 0. 0007021 

3.778 

2.702 
2.841 


In  the  first  part  of  Table  85  the  couple  is  inserted  into  the  helix,  with 
its  junction  near  the  base,  so  as  to  be  played  upon  directly  by  the  flame 
of  the  burner.  The  temperatures  so  obtained  fluctuate  in  value  over 
so  large  an  interval  that  it  is  difficult  to  get  a  fair  mean  value.  This 
appears  from  the  wide  distribution  of  the  points  obtained  on  the  curve. 
Their  mean  position,  however,  is  unmistakably  below  (l-\-a6")*,  a 
result  consistent  with  the  results  of  the  foregoing  tables,  inasmuch  as> 
the  error  of  F(6")  is  here  positive,  because  the  error  of  6"  is  positive. 
The  helix  in  these  experiments  was  naked. 

In  the  second  part  of  Table  85  two  thermocouples  are  inserted 
touching  the  inner  face  of  the  helix,  with  their  junction  at  points  re- 
spectively nearest  to  and  farthest  from  the  walls  of  the  trough.    The* 
results  indicate  a  series  of  points  at  960°,  which  are  nearer  the  curves^ 
than  before,  whereas  the  results  at  1,230°  are  abnormally  high.    Com- 
paring the  temperatures  at  the  two  points  of  the  internal  face,  I  found  I 
0i"=  1,255°  and  #2"=1,235°,  so  that  even  at  the  temperatures  of  the 
blast-lamp  the  differences  of  temperature  for  points  on  the  inner  face 
of  the  helix  are  not  of  serious  magnitude.    The  discrepancy  mnst 
therefore  be  looked  for  in  thermal  differences  between  the  inside  and! 
outside  faces  of  the  helix. 

In  the  third  part  of  Table  85  measurements  of  the  kind  just  specified 
are  given.    The  two  figures  under  6"  are  thermal  data  for  the  inside 
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and  outside  faces  of  the  helix,  the  latter  being  obtained  by  touching 
the  surface  with  the  junction  of  a  thermo  couple.  The  discrepancies 
thus  obtained  are  alarmingly  large  (150°) ;  and  although  this  datum 
can  be  only  a  superior  limit  for  the  discrepancy  in  question,  it  neverthe- 
less points  emphatically  to  the  necessity  of  resorting  to  better  means  of 
insuring  constancy  of  temperature  throughout  the  space  occupied  by 
the  two  pyrometers.  The  final  values  of  F{6")  in  this  table  are  again 
abnormally  large,  so  as  to  suggest  that  some  vitiating  error  escaped 
detection.  Comparing  the  thermo-couple  which  had  been  used  in  all 
these  experiments  with  a  fresh  couple,  I  found  mean  values  for  the 
temperature  of  the  Argand  air  bath,  ^=822°  and  #2" =804°,  so  that  the 
result  of  repeated  and  prolonged  firing  can  not  have  exceeded  20°. 

The  irregular  results  of  Table  85  show  the  importance  of  jacketing 
the  helix  with  non-conducting  material,  and  of  using  at  least  three 
thermo-couples  for  the  evaluation  of  6".  One  thermocouple  on  the 
inner  face  is  sufficient,  but  at  least  two  are  necessary  to  measure 
temperature  at  the  external  face. 

In  Tables  86  to  89  the  external  face  of  the  helix  is  enveloped  by  a 
layer  of  mica,  pressed  against  the  surface  by  platinum  wires,  drawn 
tensely  around  the  mica.  In  Fig.  47a  the  helix  of  platinum  capillary 
tube  is  shown  at  6,  the  surrounding  envelope  of  mica  at  a.  The  junc- 
tions of  the  thermo-couples  placed  at  1,  on  the  inner  face  of  the  helix, 
pressed  against  it  by  a  plug  of  asbestus,  c,  and  at  2  and  3  between  the 
outer  face  of  the  helix  and  the  mica  envelope.  Junctions  2  and  3  are 
pressed  against  the  helix  by  the  external  platinum  wiring,  which  holds 
the  mica  jacket  in  place.  Fine  plates  of  mica  insulate  the  ends  of  the 
thermo-couples  from  the  helix  above  it.  The  stem  insulators  described 
on  page  95  are  of  service  in  keeping  the  wires  apart.  In  the  tables, 
0i "  denotes  the  temperature  at  the  internal,  02"  the  mean  temperature 
of  the  external  face.  To  secure  identity  in  the  thermo-electric  indica- 
tions the  old  junctions  were  cut  off  and  new  junctions  were  fused  for 
each  of  the  couples,  Nos.  37,  38,  39,  used  in  the  measurement.  The 
calibration  of  these  was  effected  above,  Chapter  IV. 

Table  86. — Viscosity  of  air. 
[Capillary  tube  No.  10.        L=  33.43™.        l'+l"'=4Aem.       tj0=0.0002491.        0=7°.       -K=0.00794c">.] 


p 

P 

t" 

Vo 

Gy" 

0-z" 

r," 

F(9") 

1  +  4  £»/B» 

124.  00 
124.  00 
124. 00 
124.  00 
124.  01 

123.  51 
123.  45 
123. 38 

76.08 
76.08 
76.08 
76.08 
76.08 

75.92 
75.87 
75.81 

165 
165 
165 
165 
165 

1750 
1760 
1740 

49.95 
49.83 
49.84 
49.94 
49.94 

51.35 

51.90 
51.  36 

7 
7 
7 
7 
7 

984 
983 
984 

7 

7 
7 
7 

7 

1007 
1004 
1004 

0. 0002526 
2532 
2532 
2527 
2528 

0. 0006693 
66C6 
6054 

2.687 
2.676 
2.671 
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Table  86.—  Viscosity  of  air— Continued. 


[bull.  5fiv 


p 

P 

t" 

Vo 

<h 

02 

■n" 

F(6") 

l+4£»/B» 

123. 32 

75.75 

2339 

51.  05 

1200 

1224 

0. 0007757 

3.114 

123.  29 

75.72 

2340 

50.48 

1204 

1230 

7820 

3.139 

123.  25 

75.67 

2340 

50..  76 

1204 

1233 

7765 

3.117 

123.  39 

75.68 

860 

52.69 

515 

525 

0. 0004977 

1.998 

123.  65 

75.68 

890 

50.91 

557 

567 

5114 

2.053 

123.61 

75.68 

910 

51.00 

557 

578 

5068 

2.082 

123.  58 

75.68 

930 

'  50.79 

580 

592 

5210 

2.091 

123.  61 

75.68 

960 

51.37 

592 

604 

5254 

2.109 

123.  36 

123.'  37 
123.  36 
123.  36 
123.  33 

74.73 
74.73 
74.73 
74.73 
74.73 

165 
165 
165 
165 
165 

49.59 
49.59 
49.50 
49.59 
49.63 

8 
8 
8 
8 
8 

8 
8 
8 
8 
8 

0. 0002547 
2547 
2552 
2547 
2543 

[Capillary  tube  No  10. 


Table  87. — Viscosity  of  hydrogen. 
i=33.43cn>.        &'+Z"'=4.4cm.        t,0=0.0001294.        9  =  8°.        P=0.00794c*\i 


p 

V 

t" 

Vo 

0," 

02" 

v" 

F(0") 

1+4  £»/■»" 

122.  48 
122. 49 

74.71 
74.71 

90 

88 

50.66 
49.81 

8 
8 

8 
8 

0. 0001330 
1323 

122.50 

74.71 

88 

49.79 

8 

8 

1324 

122.50 
122. 50 

122.  20 
122.  22 

74.71 
74.  71 

74.  62 
74.  62 

88 
88 

88 
88 

49.69 
49.68 

49.51 
49.51 

8 
8 

8 
8 

8 
8 

8 
8 

1326 
1327 

0. 0001323 
1324 

122.24 

74.62 

88 

49.55 

8 

8 

1324 

122. 22 
122. 24 

74.62 
74.62 

88 
88 

49.62 
49.58 

8 

8 

8 
8 

1320 
1323 

122.  30 

74.69 

885 

50.11 

947 

970 

0. 0003525 

2.725 

122. 30 

74.73 

870 

49.10 

948 

972 

3528 

2.  726 

122. 32 

74.75 

870 

49.02 

948 

976 

3529 

2.727 

122.36 

74.81 

875 

49.25 

946 

978 

3533 

2.731 

122. 43 

74.86 

900 

49.68 

955 

984 

.3584 

2.770 

122. 97 

74.93 

1340 

49.64 

1196 

1228 

0. 0004588 

3.  546 

122.  94 

74.96 

1350 

49.96 

1202 

1228 

4577 

3.538 

122. 96 

74.99 

1350 

50.39 

1192 

1226 

4556 

3.521 

124. 56 

76.86 

495 

51.65 

526 

538 

0. 0002924 

2.260 

124. 56 

76.86 

495 

51.09 

531 

514 

2939 

2.271 

124.  56 

76.86 

495 

50.83 

535 

547 

2939 

2.271 

124.  54 

76.  86 

495 

50.48 

536 

552 

2952 

2.281 

124.  56 

76.86 

495 

50.18 

541 

554 

2960 

2.287 

124.  58 

76.86 

495 

50.09 

544 

556 

2957 

2.285 

125.  09 

77.08 

85 

50.28 

8 

8 

0.0001304 

125.  08 

77.08 

85 

50.28 

8 

8 

1304 

125. 09 

77.08 

85 

50.30 

8 

8 

1304 

1°5  08 

77  08 

85 

50.28 

8 

8 

1304 

125.09 

77.08 

85 

50.28 

8 

8 

1304 

i 
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Table  88. —  Viscosity  of  hydrogen. 

ten..        r,—0.0001294.        0  =  7°.        2e  =  0.0079*cra.] 


p 

P 

t" 

Vo 

0i" 

02" 

T," 

F(0") 

1+4  C,"/B" 

123.  30 
123. 32 
123.31. 

155.  27 

76.95 
76.95 
76.95 

76.55 

90 
90 
90 

360 

50.00 
50.00 
50.00 

50.82 

7 
7 
7 

410 

7 
7 

7 

418 

0. 0001332 
1333 
1333 

0. 0002518 

1.946 

155.  27 

76.  55 

360 

50.42 

412 

420 

2529 

1.  954 

155.  27 

76.55 

360 

50.02 

416 

425 

2536 

1.960 

155.  30 

76.55 

360 

49.67 

420 

426 

2547 

1.968 

155.  30 

76.55 

440 

50.89 

504 

510 

0. 0002741 

2.118 

155. 27 

76,55 

450 

51.37 

509 

516 

2747 

2.123 

155.  25 

76.55 

450 

51.23 

512 

519 

2747 

2. 124 

155. 45 

76.59 

450 

50.  87 

514 

522 

0. 0002762 

2.135 

155.35 

76.59 

450 

50.57 

516 

525 

2770 

2.141 

155.  45 

76.59 

450 

50.63 

517 

526 

2766 

2.138 

156.10 

76.67 

890 

50.89 

954 

956 

0. 0003635 

?.809 

156.  07 

76.67 

890 

51.00 

954 

953 

3629 

2.805 

156.  05 

76.67 

890 

51.43 

952 

951 

3606 

2.787 

156.  07 

76.67 

870 

50.01 

946 

946 

3601 

2.783 

Table  89. —  Viscosity  of  air. 
[Capillary  tube  ]STo.  10.        £=33.24cm.        Z'+Z"'=4.4cm.        tj0=0.0002491. 


P=0.0794cn\] 


p 

P 

t" 

Vo 

*i" 

02" 

v" 

F(0") 

1+4£"JK" 

125. 50 

77.01 

165 

50.72 

7 

7 

0. 0002579 

125.  51 

77.01 

165 

50.75 

7 

7 

2579 

125.  53 

77.01 

165 

50.72 

7 

2581 

124.  71 

76.87 

710 

51.10 

424 

436 

0. 0004820 

1.  935 

124.71 

70.  87 

710 

50.22 

430 

443 

-   4865 

1.  953 

124.  69 

76.87 

735 

51.03 

439 

453 

4995 

2.005 

124. 65 

76.87 

750 

50.93 

449 

462 

4937 

1.982 

124.  73 

76.87 

930 

51.34 

558 

568 

0. 0005351 

2.148 

124.  68 

76.87 

930 

50.98 

562 

574 

5351 

2.  148 

124.  68 

76.87 

940 

51.34 

565 

.576 

53C0 

2.  152 

124.  68 

76.87 

940 

50.93 

569 

580 

5364 

2. 153 

124.  95 

70.89 

1710 

51.42 

964 

987 

0. 0006784 

2.723 

124.  95 

76.89 

1715 

51.20 

970 

992 

6645 

2.668 

124.  95 

76.89 

1740 

51.  25 

979 

1000 

6842 

2.747 

124.  96 

76.98 

2370 

51.27 

1206 

1214 

0. 0008013 

3.217 

124.  96 

76.98 

2370 

51.17 

1207 

1214 

8028 

3.223 

124.  95 

76.98 

2370 

51.25 

1207 

1210 

8017 

3.218 

The  results  in  Table  86  justify  the  predictions  made.  Compared 
imongst  themselves  the  values  are  excellent.  Below  1,000°  the  data 
lie  below  the  function  (l+ad")\  whereas  the  extreme  points  (1,215°) 
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coincide  with  (l+ad")i  almost  perfectly.  In  general  therefore  the  re- 
sults of  earlier  investigations  (Table  81-85)  are  emphatically  corrobo- 
rated. Having  finished  the  measurements  for  air,  I  passed  hydrogen1 
through  the  same  apparatus.  The  results,  near  1,000°  (Table  87),  coin-j 
cide  almost  perfectly  with  the  curve  (1+ ad")*.  The  results  above  1,200° 
are  abnormally  high,  because  platinum  is  pervious  to  hydrogen.  I  was; 
not  a  little  surprised  therefore  on  finding  the  results  ac  500°,  although 
very  good  when  compared  amongst  themselves,  much  too  large  to  ac-! 
cord  with  the  other  data.  The  error  is  larger  than  can  be  referred  to 
anything  short  of  an  undiscovered  accident.  I  suspect  the  hydrogen 
of  these  experiments  in  some  unforeseen  way  to  have  been  contaminated' 
with  either  air  or  moisture,  since  the  error  is  constant  for  all  the  obser-j 
vations. 

Not  being  able  to  discover  the  cause  of  the  discrepancy,  however,  1\ 
resolved  to  repeat  the  work  with  the  apparatus  adjusted  anew.  These] 
results  are  given  in  Table  88.  The  results  agree  much  more  closely • 
with  the  exponential  (l+a6"%  showing  the  corresponding  data  of  thei 
former  series  in  error.  The  somewhat  high  values  of  ¥(6")  are  the  re-1 
suit  of  the  low  value  of  r/0,  to  which  these  data  are  referred.  The  diffi- 
culties  met  with  in  operating  with  hydrogen  induced  me  to  investigated 
another  series  for  air,  which  series  is  given  in  the  last  table,  89.  The] 
results  fall  slightly  above  (l-\-ad")l  at  500°  ;  slightly  below  the  expo- 
nential at  1,000°;  above  it  at  1,200° ;  but  the  accordance  throughout  is- 
satisfactory.     (See  Fig.  48.) 

The  large  number  of  data  for  6Y  and  02,  which  the  Tables  86-89  con-] 
tain,  show  that  the  thermal  discrepancy  has  been  reduced  to  low  limits, 
and  that  its  effect  is  apt  to  be  relatively  large  in  case  of  low  values  of] 
0.    To  properly  jacket  the  helix  is  a  practical  problem  of  great  diffi- 
culty, because  accidental  bending  or  twisting  of  the  thin  capillary  tubej 
is  apt  to  produce  fine  longitudinal  fissures,  or  variations  of  bore,  or  to] 
introduce  other  sources  of  uncertainty  or  error.     Mica  insulations  be-  j 
come  friable  and  can  not  be  thoroughly  relied  upon  after  prolonged  j 
heating.     Hence  all  the  manipulations  must  be  effected  with  great] 
care,  and  therefore  consume  much  time.    For  these  reasons  I  believe 
that  to  improve  the  results  further  it  will  be  expedient  to  introduce  aj 
radical  change  of  method,  such  as  I  will  describe  below. 

As  a  whole,  the  above  tables  conclusively  indicate  that  many  residual 
errors  are  the  result  of  variations  in  the  composition  of  the  gases.  Hence,  1 
before  proceeding  to  a  general  discussion  of  the  above  data,  I  shall  in- 1 
sert  a  tabular  view  of  the  successive  values  of  the  viscosity  of  the  gases  I 
at  zero  degrees  centigrade.  This  is  given  in  Table  90,  in  which  the  | 
temperatures  6,  at  which  the  quantities 
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were  found,  are  inserted,  as  well  as  the  corresponding  values  ot 

computed  for  them  by  using  Holinan's  equation, 

zL  =1+0.002751^-0.00000034^. 

I  also  insert  the  pressure  P,  at  which  the  gas  enters  the  platinum 
capillary. 

Table  90. — Successive  values  of  r/0. 


Gas. 

Date. 

e 

.     v      x 106 

n-4 

_!?$_  x  106 

i+4 

P 

Mean  r]0  x  10« 

H2.... 

March  26 

0 

7 

133.3 

130.8 

123.  3 

H2.... 

March  23 

8 

130.4 

127.5 

125. 1 

H2.... 

March  21 

8 

132. 3 

129.4 

122.2 

H2.... 

March  20 

8 

132.6 

129.  7 

122.5 

Air... 

March  26 

7 

254.8 

250.0 

125.5 

Air   . . 

March  20 

8 

254.7 

249.2 

123.4 

H2.. 

.  129.4 

Air  ... 

...do 

7 

252.9 

248.1 

124.  0 

Air  .  . 

.  249.1 

Air  . .. 

March  19 

6 

251.2 

247.2 

125.3 

Air... 

March  18 

5 

250.  0 

246.5 

123. 1 

Air... 

...do 

5 

250.2 

246.7 

123.4 

Air . . . 

March  15 

5 

251.  4 

247.9 

125.2 

Air . . . 

...do  

'5 

251.2 

247.7 

125.1 

Air  .  . 

.  247.2 

H2... 

March  14 

5 

144.9 

142.9 

124.3 

H2.... 

...do 

5 

144.2 

142.2 

124.0 

H2.... 

March  13 

6 

142.6 

140.4 

124.0 

H2 

...do  

6 

143.1 

140.9 

123.8 

H, 

141.6 

H2.... 

March  10 

7 

142.  7 

140.0 

125.0 

-*-L2  •  • 

H2... 

...do 

7 

142.5 

139.8 

125.4 

H2.... 

March     9 

7 

141.5 

138.8 

126.3 

H2.. 

139.5 

H3.... 

March     8 

6 

141.8 

139.6 

125.0 

H2 . . . . 

...do  

6 

141.8 

146.4 

88.7 

H2  . . . . 

...do  

6 

140.4 

138.2 

124.6 

(Hj  .  .  . 

146.0) 

H2... 

...do 

6 

147.8 

145.6 

88.6 

H2... 

138.9 

Air  . .. 

March     7 

6 

254.8 

250.8 

124.5 

Air... 

...do 

6 

262.5 

258.5 

88.3 

Air  .  . 

.  250.8 

Air . .. 

March     3 

6 

255.5 

251.5 

124.2 

Air... 

...do 

6 

260.7 

256.5 

88.5 

(Air .  . 

.  256.5) 

Air . . . 

...do 

6 

257.  7 

253.5 

124.7 

Air.  . 

.  252.5 

DISCUSSION. 


Viscosity  at  zero. — It  is  expedient  to  begin  this  paragraph  with  an 
examination  of  the  consecutive  values  of  the  zero-viscosity  t/0  of  the  sev- 
eral gases,  since  the  constant  ?/0  must  enter  fundamentally  into  all  the 
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inferences  to  be  drawn.  Turning  to  Table  90,  on  page  271 ,  the  singularly 
high  values  there  incorporated  at  once  strike  the  eye.  The  clue  to  these 
large  discrepancies  is,  however,  at  hand ;  for 

_  7r\1  +  k)  P2~p2 1  jk* 

V~  16  p       V  L 

and  it  is  therefore  clear  that  since  — -  =  4  -Tr  even  slight  errors  in  R  at 

Tf  K 

once  produce  serious  effect  on  77.  I  have  stated  that  because  of  the  dif- 
ficulty encountered  in  constructing  the  capillary  apparatus  faultlessly, 
I  did  not  wish  to  subject  the  tubes  to  any  experiment  which  might  tend; 
to  injure  them  ;  I  stated  also  that  in  the  discussions  of  the  present  part 
of  the  chapter  absolute  data  were  of  inferior  interest.  Hence,  without 
forgetting  the  occurrence  of  the  uniformly  large  values  of  tj  here  found, 
the  question  may  be  waived,  to  be  resumed  in  the  next  part  in  con- 
nection with  other  relevant  data.  The  one  property  of  ?j0  which  has  an 
important  bearing  on  the  present  discussion  is  its  degree  of  constancy 
as  regards  time.  If  the  values  of  ?j0  in  Table  90  be  graphically  con- 
structed as  they  vary  with  the  data  belonging  to  each,  the  curves  re- 
sulting show  that  ?/o  has  a  slight  tendency  to  increase.  Disregarding 
the  data  between  March  3  and  March  7,  which  refer  to  an  earlier  form 
of  apparatus,  it  appears  that  in  the  hydrogen  data  between  March  8 
and  March  14  the  mean  increase  of  ;/0  is  somewhat  less  than  0.5  per 
cent,  per  day  of  use;  in  the  results  for  air  between  March  15  and 
March  26  less  than  0.2  per  cent,  per  day  of  use ;  in  the  final  results  for 
hydrogen  between  March  20  and  26  the  results  vary  irregularly,  and 
their  mean  ascent  is  zero.  These  data  constitute  an  exceedingly  favor- 
able verdict  relative  to  the  pyrometric  application  of  the  principle  of 
viscosity.  They  show  that  for  large  mercury  pressures  like  125cm  and 
76cm,  respectively,  at  the  two  ends  of  the  platinum  capillary  tube,  no 
serious  change  of  the  radius  of  the  tube  need  be  apprehended  at  tem- 
peratures even  as  high  as  1,400°  (white  heat).  In  this  respect  the  pres- 
ent results  are  valuable.  The  slight  tendency  of  ?j0  to  increase  just 
mentioned,  is  in  accordance  with  an  increase  of  the  capillary  radius  re- 
sulting from  the  excess  of  internal  pressure.  This  follows  from  Meyer's 
equation,  but  whether  the  observed  result  may  not  be  equally  wel1  ex- 
plained as  resulting  from  variations  in  the  composition  of  the  gases  or 
from  similar  progressive  causes  can  not  be  ascertained.  It  suffices  for 
the  present  purposes  that  the  time  variations  of  7/0  have  been  found 
negligible,  and  that  therefore  the  dimension  of  the  platinum  capillaries 
used  in  the  above  experiments  have  remained  practically  unchanged, 
when  the  mean  excess  of  internal  pressure  at  white  heat  was  about  £ 
of  an  atmosphere. 

The  use  of  different  gases  (air,  hydrogen)  in  these  experiments  was 
principally  to  vary  the  conditions  of  experiment  and  to  detect  the  laws 
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f  variation  with  greater  certainty.  Hence  ordinary  care  was  taken  in 
rying  the  gases,  air  being  passed  through  a  tube  of  Ca012  and  hydro- 
en  both  through  Oa012  and  concentrated  H2S04.  But  neither  was 
he  hydrogen  purified  of  sulphide*  or  air  or  other  attendant  gases,  nor 
ras  air  purified  of  carbon  dioxide.  I  desisted  from  these  special  pre- 
autions  because  above  red  heat  platinum  is  pervious  to  the  hydrogen 
ases  of  the  Bunsen  flame,  so  that  in  non-enameled  platinum  capillaries 
he  purity  of  the  transpiring  gas  could  not  be  vouched  for,  even  in  the 
ase  of  a  gas  originally  pure.  Again,  at  the  temperatures  (500°  to 
,300°)  within  which  my  data  chiefly  apply  slightly  moist  air  and  dry  air, 
ure  and  gaseously  impure  hydrogen,  are  probably  equally  perfect  gases, 
leuce  there  occur  in  my  results  two  values  for  the  zero-viscosity  of 
lydrogen,  140: 10b  and  129: 10G,  respectively,  which  correspond  to  gases 
aken  from  different  gasometers  at  different  times.  The  variations  of 
for  air  are  smaller,  ranging  from  247  :  106  to  252 :  106.  The  variable 
haracter  of  ?j0  made  it  necessary  to  make  the  low-temperature  measure- 
lent  before  and  after  each  series  of  high-temperature  measurement 
iade.  Indeed,  I  did  not  anticipate  such  large  fluctuations  in  ^0,  and 
espite  the  precautious  taken  the  discrepancies  here  in  question  have 
ifoduced  no  trifling  distortions  in  the  high  temperature  results  which 
)llow.  This  I  shall  soon  have  occasion  to  show.  When  the  gases 
orced  through  the  capillaries  are  urged  forward  by  an  advancing  sur- 
ice  of  mercury  (as  in  the  above  experiments)  traces  of  mercury  vapor 
rill  also  pass  along  with  the  gas,  but  the  tension  of  mercury  vapor  at 
10°  is  only  0.002cm  to  0.004cm.  Hence  this  discrepancy  is  nil. 
Finally,  Table  90  contains  values  for  7/0  derived  both  for  P=125cm  and 
r  P=8Scm.  Curiously  enough,  the  value  of  ?/0  for  low  pressures  (P)  is 
ecidedly  the  greater,  being  about  5  per  cent,  greater  for  hydrogen  and 
bout  2  per  cent,  greater  for  air.  This  result  belongs  also  to  the  dis- 
ussion  of  the  next  section.  Here  it  is  sufficient  to  note  that  if  meas- 
rements  were  made  at  smaller  values  of  P  than  the  ones  customary 

v" 
125cm),  the  relative  values  —  where  ?/'  is  a  high-temperature  viscosity, 

rould  not  be  larger  in  value  than  those  admitted  into  the  above  tables, 
n  other  words,  so  far  as  the  present  evidence  goes,  the  zero- viscosity 
o  has  not  been  increased  by  the  relatively  large  values  of  P  (125cm)  em- 

ri" 
ployed  throughout  the  course  of  the  work,  and  hence  —  can  not  be 

too  small. 

Viscosity  at  high  temperatures,  kinetic  inferences. — In  order  to  pro- 
3eed  with  the  discussion  of  the  high-temperature  viscosities,  Tables  83 
to  89  may  be  consulted,  the  values  of  Tables  81  and  82  being  in  error 
n  the  sense  already  indicated.  If  all  the  values  of  F{6")  be  constructed 
is  functions  of  6",  the  graphic  representation  Fig.  48  will  show  that  the 
ndividual  data  group  themselves  in  a  band  or  pathway,  of  which  the 
Auction  {1+ad")  is  so  nearly  the  axis  that  it  is  at  once  justifiable  to 
ywept  it  as  such.  Hence,  even  if  there  were  no  ulterior  reasons  for  ac- 
Bull.  54—18  (927) 
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cepting  the  given  function,  it  is,  at  the  present  stage  of  investigation^ 
a  justifiable  inference  that  the  viscosity  of  a  perfect  gas  varies  as  the 
§  power  of  absolute  temperature.  Now,  inasmuch  as  by  the  relation, 
of  Maxwell 

7/=0.318  pLfl, 

where  p  is  the  density,  D,  the  velocity  of  the  mean  square,  and  L  the 
mean  free  path  of  the  molecule  of  gas,  and  inasmuch  &$n=n,0Vl  +  adi\ 
and  L  are  the  only  variables  in  this  equation  whose  values  change  witH 
6",  it  follows  that 


L=Lo  VY+ad" 

In  other  words,  the  mean  free  path  of  the  molecule  of  a  perfect  gas 
varies  as  the  sixth  root  of  absolute  temperature.  Moreover,  in  view  01 
the  equation  D,=£1Q  Vl+ad",  it  furthermore  follows  that  the  mean  fret 
path  of  the  molecule  of  a  perfect  gas  varies  as  the  cube  root  of  the 
velocity  of  the  mean  square.  This  result  is  suggestive,  perhaps ;  foi 
if  there  be  given  a  gas  consisting  of  a  fixed  number  of  molecules  in  i 
fixed  volume,  or,  in  other  words,  if  p  be  constant,  then  the  only  effeel 
produced  by  varying  the  temperature  6"  is  a  mean  increase  of  £1  dis] 
tributed  uniformly  throughout  the  volume  of  the  gas.  If  the  change 
of  D,  due  to  temperature  be  taken  as  a  measure  of  the  effect  produced 
by  temperature,  as  it  were  equally  in  all  directions,  then  the  part  oj 
this  thermal  effect  apportioned  to  the  linear  magnitude  L  is  plausibly 
represented  by  the  cube  root  of  O,. 
Again,  if  the  equation  of  Clausius  be  considered,  viz, 

V2  as2 

where  X3  is  the  mean  volume  per  molecule  and  s  the  radius  of  Clausius'a 
"  Wirkungssphare,"  then  it  appears  that  the  volume  inclosed  withid 
the  "  Wirkungsphare"  is  diminished  in  magnitude  by  temperature  i 
and  that  the  diminution  takes  place  proportionally  to  the  square  roon 
of  the  velocity  of  the  mean  square  ■(£!). 


^ 


Sources  of  error. — Having  thus  stated  the  general  character  of  thej 
results  of  the  above  tables,  it  is  necessary  to  find  the  conditions  upon 
which  their  validity  depends,  and  to  inquire  as  fully  as  the  present  reJ 
searches  permit  into  the  facts  which  militate  against  the  inferences! 
drawn.  This  is  by  no  means  easy,  nor  even  fully  possible  on  the  basisi 
of  the  experimental  material  in  hand. 

The  principal  cause  of  discrepancy  in  the  present  work  is  this,  that  even 
in  the  most  carefully  adjusted  forms  of  the  present  apparatus  the  mean 
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temperature  registered  by  the  thermo-couple  and  the  mean  temperature 
of  the  helix  of  capillary  tube  are  not  necessarily  the  same.  Each  of 
these  pyrometers  furnishes  its  own  thermal  datum  correctly ;  but  these 
data  have  reference  to  environments  which  are  not  thermally  identical. 
In  short,  the  degree  of  constant  temperature  throughout  the  space  en- 
veloping the  helix  is  as  yet  far  from  satisfactory;  and  the  residual 
differences  of  temperature  between  the  inside  and  the  outside  of  the 
helix  or  between  its  top  and  bottom  surfaces  have  not  been  rigorously 
allowed  for.  To  this  must  be  added  the  fact  that  the  thermo-couple 
was  not  compared  with  the  air  thermometer  at  temperatures  above 
1,300°,  and  that  the  calibration  in  question  loses  in  accuracy  when 
these  high  temperatures  are  approached.  (Cf.,  Figs.  41  and  42.)  Hence, 
in  view  of  the  great  difficulties  in  the  way  of  correct  temperature  meas- 
urement, it  is  hardly  profitable  to  enter  into  more  than  a  cursory  con- 
sideration of  the  minor  sources  of  error. 

In  addition  to  the  extraneous  causes  for  incorrect  temperature  meas- 
urement, there  is  also  an  internal  cause,  due  to  the  expansion  of  the 
transpiring  gas  from  the  pressure  P  to  the  pressure  p.  Meyer  has 
elaborately  discussed  this  phenomenon.  Again,  the  purely  convective 
effect  due  to  the  introduction  of  cold  gases  into  the  capillary  tube  is  not 
to  be  lost  sight  of.  In  experiments  of  the  next  section  I  found  a  cool- 
ing effect  as  high  as  20°.  In  the  present  experiments,  where  thin  tubes 
and  slow  currents  alone  occur,  the  convection  error  is  nil. 

To  avoid  incidental  complications  the  radius  of  the  capillary  tubes 
here  in  question  was  chosen  small  (R  <0.01cm),  so  that  the  Meyer  for- 
mula fully  applies.  Again,  preference  is  given  to  absolute  methods  of 
experiment;  differential  methods,  inasmuch  as  they  compare  two  mag- 
nitudes without  fully  characterizing  either,  would  have  encumbered  the 
present  research  with  an  additional  element  of  uncertainty. 

Diffusion. — The  observed  circu  in  flexion  of  the  curve  which  repre- 
sents the  mean  distribution  of  the  points  in  the  diagram,  Fig.  48,  at  a 
temperature  near  1,000°,  together  with  the  fact  that  this  change  of  the 
sign  of  curvature  is  much  more  pronounced  for  hydrogen  than  for  air, 
points,  I  think  significantly,  to  the  occurrence  of  diffusion  of  gases 
through  the  walls  of  the  platinum  capillary  tube.  In  the  case  of  trans- 
piration experiments  with  air,  the  hydrogen  gases  of  the  buruer  passing 
through  the  platinum  septum  combine  with  the  oxygen  of  the  capillary 
current  within.  There  results  an  increase  of  the  volume  of  the  oxygen 
combined  as  1:2;  but  as  the  water  formed  is  absorbed  in  the  pneu- 
matic apparatus,  it  follows  that  the  volume  Vn  actually  measured  by 
the  burette  is  too  small.  Again,  in  the  case  of  transpiration  experi- 
ments with  hydrogen  the  prevailing  diffusion  is  from  within  outward, 
so  that  hydrogen  simply  leaks  out  of  the  tube.  Thus  the  volume  of  V0 
actually  measured  is  again  too  small.  Hence  in  the  case  both  of  air 
and  of  hydrogen,  since  F0  is  negatively  in  error,  the  error  of  r/',  which 
varies  inversely  as  F0,  will  be  positive.    This  accounts  for  the  circum- 
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flexion  discrepancy  in  question,  or  at  least  for  the  difference  of  behavior 
of  hydrogen  and  air. 

A  final  remark  relative  to  the  surface  disintegration  (Zerstaubung) 
of  red  hot  platinum,  as  observed  by  Nahrwold1,  Berliner2,  Kayser3,  and 
others,  must  be  made  here.  Unfortunately  my  work  was  too  far  ad- 
vanced when  this  phenomenon4  was  being  discussed  to  permit  me  to 
make  special  investigations  with  reference  to  it;  nor  do  I  now  see  how 
allowance  for  the  phenomenon  is  to  be  made.  I  do  not  believe  that 
the  error  thus  left  unaccounted  for  is  of  a  serious  kind.  For  instance, 
in  Nahrwold's5  last  paper  it  is  shown  that  metallic  particles  fly  off  from 
red  hot  platinum  much  less  easily  in  hydrogen  than  in  air.6  In  case  of 
both  gases,  however,  the  thermal  relations  of  viscosity  are  subject  to 
the  same  law.  Hence  the  discrepancy  due  to  surface  disintegration  is 
probably  nil.     1889. 

Sliding  coefficient.— To  return  to  the  formula  selected  on  page  273,  it 
appears  from  the  remarks  there  made  that  the  full  form  in  which  it 
applies  to  transpiration  work  must  be 


rj" 

_      Vo 

1+4iv>0      1+P0" 

*+4: 

where  B0  is  the  zero  radius  and  /3  the  mean  coefficient  of  expansion  of 
the  platinum  capillary  through  which  transpiration  takes  place.  This 
formula,  follows  at  once  for  the  law  accepted  above  (rfJ=r/0{l-\-ad)$)i 
and  from  the  fact  that  C>  which  is  Helmholtz's  Gleitungs  coefficient,  has 
been  proved  by  Meyer,  Kundt,  Warburg,  and  others  to  vary  proportion 
ally  to  the  mean  free  path.    It  is  usual  to  take 

B0 

as  a  quantity  negligible  in  comparison  with  1.  If  this  be  permissible, 
then  will 

Co     v/T+^7/ 


4 


Bo        1+06" 


within  the  limits  of  the  present  interval  of  temperatures  also  be  negli- 
gible.   For  the  coefficient 


y/l  +  aO" 
l+fid" 


1  Nahrwold:  Wied.  Ann.,  vol.  31,  1887,  p.  473;  vol.  35,  p.  120,  1888. 
2 Berliner:  Wied.  Ann.,  vol.  33,  1888,  p.  289. 
3Kayser:  Wied.  Ann.,  vol.  34,  1888,  p.  607. 

4  Prof.  Cleveland  Abbe  kindly  called  my  attention  to  it. 

5  Nahrwold:  Wied.  Ann.,  vol.  35,  1888,  p.  120. 

«Cf.  Elster  u.  Geitel:  Wied.  Ann.,  vol.  31,  1887,  p.  109. 
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at  500°,  1,000°,  1,500°,  is  not  greater  than  1.15,  1.22,  1.23,  respectively; 
whereas  its  probable  maximum  is  reached  at  an  earlier  temperature. 
Hence,  if  the  views  maintained  at  the  present  stage  of  molecular 
kinetics  be  indeed  correct,  then  no  effect  of  the  thermal  variation  of 
the  coefficient  of  external  friction  need  in  the  present  work  be  appre- 
hended. This  is  an  important  inference,  for  it  might  easily  be  sup- 
posed that  the  relation  which  Holman  fouud  to  hold  between  0°  and  100° 


(^-=1+0.002751 1—  0.00000034 12 ) 


might  be  progressively  retarded  in  proportion  as  high  temperatures  are 
reached,  by  the  gradually  increasing  values  of 


0+4) 


and  in  this  way  lead  to  the  results  which  I  have  found. 

'Advantages  of  an  exponential  law. — It  is  next  desirable  to  examine 
into  the  reasons  in  virtue  of  which,  at  the  present  stage  of  research, 
the  equation  ?;=?/0  (l  +  a0")S  may  be  accepted  preferably  to  any  other 
form.  I  will  state  here,  inasmuch  as  one  of  the  chief  purposes  of  the 
present  investigation  is  the  introduction  of  a  new  instrument  of  high- 
temperature  measurement,  that  any  exponential  form  (l+a6")n  which 
is  in  good  accordance  with  the  observations  in  hand  is  particularly 
acceptable,  because  it  facilitates  the  calculation  of  thermal  data  by  the 
principle  of  viscosity.  Hence,  when  the  choice  is  open  between  a  num- 
ber of  equations,  apparently  of  equal  availability,  the  exponential  form 
will  always  be  adopted,  because  of  the  practical  advantages  just  stated. 
Strictly  speaking,  the  formula  accepted  for  if  (?)"=?j0(l+a6")$)  is 
applicable  to  the  case  of  a  diatomic  gas.  In  the  case  of  monatomic 
gases,  the  supposition  that  the  atoms  are  hard  elastic  solids  leads  to 
the  law  rj"=  \Zl  +  «0",  as  Maxwell  and  Meyer  have  elaborately  shown.1 
From  this  law  Maxwell2  was  led  to  depart,  after  having  made  a  series 
of  experiments  in  which  viscosity  appeared  to  vary  directly  as  the 
absolute  temperature  of  the  gas.  Maxwell  thereupon  deduced  a  law 
of  repulsion  between  the  molecules  of  a  gas  varying  inversely  as  the 
fifth  power  of  the  distance  between  them,  an  acceptation  by  which 
his  equations  were  capable  of  much  simplification.  Inasmuch  as  all 
the  subsequent  experiments  made  by  many  observers  have  failed  to 
confirm  MaxwelPs  experiments,  it  appears  from  this  and  from  other 
evidence  which  Meyer3  adduces  that  MaxwelPs  law  of  fifth  powers 
is  untenable.     No  other  law  of  repulsion  between  molecules  having 

'Maxwell:  Phil.  Mag.  (4),  vol.  19,  1860,  p.  31;  Meyer:  Pogg.  Ann.,  vol.  12."),  1865, 
pp.  177,  401,  564. 

2Maxwell:  Phil.  Trans.,  I,  p.  249,  1866. 

3Cf.  Maxwell:  Phil.  Mag.  (4),  vol.  35,  1868,  pp.  129,  185.  Mover;  Kinetische  The- 
orie  der  Gase,    §  77. 
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since  been  proposed,  the  question  regarding  the  thermal  variations  ofil 
viscosity  which  depends  on  the  said  law  remains  theoretically  un% 
solved.  Hence,  between  forms  of  an  equation  for  rf'  as  a  function  of 
temperature,  it  is  permissible  to  select  the  one  among  many  applica- 
ble forms  which  confers  the  greatest  practical  advantage. 

In  the  present  instance  (to  give  an  example  bearing  on  the  remarks 
just  made)  there  is  another  form  of  equation  which,  besides  its  inherent; 
simplicity,  might  be  applied  to  reproduce  the  observations  in  hand.  This 
is  rf'z=rjQ  (1+yO")  ( -y/i-f.tf/9"),  which  means  that  L=L0  (1+yd"),  and  it! 
seemed  to  me  by  no  means  idle  to  attempt  to  get  some  comparison  with] 
regard  to  the  relevancy  of  these  two  forms.    I  think  this  can  best  be 

n" 
done  by  computing  the  zero  value  of  -L-  (which  must  be  a  unit  of  course) 

Vo 
from  the  high-temperature  values  of  J- ,  on  the  basis  of  each  of  the  laws 

cited.  Table  91,  the  data  of  which  are  taken  from  Tables  86  to  89,  con- 
tains the  results.  • 

n" 
Table  91. — Calculated  zero  values  of  J—. 

[a  =0.00367.] 


6" 

r,"          1 

En  or. 

r,"           1 

tjo   Vl+a0" 

Vxl0G 

„o    <l+afl")f 

r 

o 
565 

2.068 

0.98 

+0.02 

1.18 

318 

Air  (Table  86) 

■i 

592 
995 

2.100 
2.678 

0.97 
0.96 

+      3 

+      4 

1.18 
1.24 

304 

243 

I 

1,216 

3.123 

1.01 

—      1 

1.34 

277 

f 

442 

1.969 

1.01 

—0.01 

1.22 

489 

Air  (Table  89)  . 

■! 

569 
982 

2.150 
2.713 

1.01 

0.98 

-       1 

+      2 

1.22 
1.26 

394 
270 

1 

1,210 

3.219 

1.04 

—      4 

1.38 

315 

H2  (Table  87)  . . 

■i 

961 
1,212 

2.  727 
3.535 

1.00 
1.14 

±0.00 
-0.14 

1.28 
1.52 

295 
425 

f 

■< 

! 

418 

1.957 

1.05 

-0.05 

1.23 

550 

Ha  (Table  88) .  . 

512 
520 

2.122 
2.138 

1.05 
1.05 

-  5 

—  5 

1.25 
1.25 

490 
489 

1 

952 

2.796 

1.03 

-      3 

1.32 

336 

Turning  first  to  the  air  points  of  Table  91,  it  appears  clearly  that 
the  errors 

1 


1- 


7/0   (l+«0")f 


in  the  results  referring  to  Tables  80  and  89  are  promiscuous  in  distribu- 
tion, and  not  larger  than  is  quite  compatible  with  the  extreme  difficul- 
ties of  experiment.  In  the  hydrogen  points  the  same  errors,  though 
larger,  are  of  a  nature  which  can  easily  be  interpreted.  The  large  dis- 
crepancy at  1,212°  in  the  results  from  Table  87  has  been  referred  to 
permeability  of  platinum  to  hydrogen  at  this  temperature.     The  errors 
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in  the  results  from  Table  88  are  nearly  constant  in  value,  showing 
clearly  that  the  value  of  770,  inserted  into  these  computations,  was  too 
low.  The  nearly  constant  errors  occurring-  here  do  not,  therefore,  in 
any  degree  invalidate  the  law  ?///=//0  (l  +  ad")i,  but  furnish  the  best  of 
evidence  to  corroborate  it.  Indeed,  the  plan  here  adopted  of  calculating 
the  constant  quantity/^  )  is  singularly  well  adapted  to  exhibit  the 


7/o  /o 
true  character  of  the  experiments  made. 

On  the  other  hand,  the  right-hand  division  of  Table  91  would  show 

that  the  errors 

x-t 


Vo  Vl+ad  1+yd" 

where  29<^xl05<37  is  to  be  introduced,  are  of  a  more  serious  kind 
than  before.  I  have,  therefore,  contented  myself  in  Table  91  with  giving 
the  individual  values  of  y. 

Effect  of  imperfect  gaseity. — The  fact  which  most  seriously  antagonizes 
the  relation 

is  the  occurrence  in  the  case  of  air  and  for  temperatures  below  200°,  of 
a  mean  exponent  of  (l-\-ad")n9  which  is  larger  than  J.  O.  E.  Meyer's 
data  for  n  lie  between  %  andf ;  Puluj's  between  0.56  and  0.72;  Warburg 
finds  w=0.77,  v.  Obermayer  n=0.7Q.  Holman's  elegant  method  leads 
to  data  which  lie  decidedly  above  0.75,  and  which  are  of  such  a  kind 
as  to  induce  him  to  discard  the  exponential  form  of  function  altogether. 
Fully  cognizant  of  the  purposes  Mr.  Holman  had  in  view  in  represent- 
ing his  results  by  a  series  of  ascending  powers  of  0",  I  nevertheless 
think  that  at  the  present  stage  of  research  a  conservative  policy  is 
wiser.  Results  lying  within  an  interval  of  only  200°  above  0°  O.  can 
not  be  depended  upon  as  furnishing  a  definite  or  final  critique.  More- 
over, a  formula  which  fails  when  tested  by  exterpolation  has  no  further 
interest  than  the  special  one  to  which  the  author  has  applied  it.  The 
expansion  of-7?-  in  terms  of  a  limited  number  of  powers  of  Q"  alter- 

nately  opposite  in  sign  will  lose  all  significance  when  applied  beyond 
the  interval  of  observation,  and  if  the  interval  be  small  the  use  of  such 
a  formula  scarcely  justifies  the  labor  involved  in  the  computation.  I 
have,  therefore,  preferred  to  retain  the  older  formula 

and  have  endeavored  to  ascertain  whether  reasons  might  not  be  found  in 
virtue  of  which  n  would  tend  to  increase  in  proportion  as  low  tempera- 
tures (0°  C.)  are  approached.  My  experiments  refer  principally  to 
temperatures  above  400°,  temperatures  at  which  the  conditions  of  perfect 
gaseity  may  be  more  justifiably  accepted  a  priori  and  within  which  the 
true  law  of  gases  may  be  more  clearly  discerned.     Dissociation  is  of 
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course  excluded  from  the  nature  of  the  gases  chosen.  Passing  fromi 
high  to  low  temperature,  it  appeared  to  me  that  E.  Wiedemann's  results) 
are  available  for  the  interpretation  of  the  discrepancy  in  question.  Foil 
Wiedemann  found  that  the  exponent  n=0.73  for  air  between  0°  and  100°j 
actually  changed  to  w=0.67  for  temperatures  between  100°  and  185°.j 
But  the  latter  value  %=0.67  is  practically  indentical  with  the  exponent] 
§  which  my  experiments  prove  to  hold  as  far  as  1,330°.  Tbe  conclusion,! 
therefore,  is  natural  that  below  200°  air  does  not  rigorously  fulfill  the 
conditions  of  a  perfect  gas. 

Looking  for  further  data  to  substantiate  this  inference,  it  is  well  to  re- 
mark that  the  frictional  effect  of  decreasing  temperature  from  the  high 
to  the  low  value  is  twofold  in  character;  the  purely  kinetic  friction  is 
necessarily  decreased.  In  proportion  as  temperature  decreases,  how- 
ever, the  gas  manifests  cohesive  friction  in  increasing  degree.  In  other 
words,  at  low  temperatures  the  phenomenon  of  residual  affinity  becomes 
of  sufficient  importance  to  lead  to  the  formation  of  molecules,  the  parts 
of  which  cohere  more  or  less  loosely  for  a  greater  or  shorter  period  of1 
time.  The  occurrence  of  ephemeral  molecular  aggregates1  at  low  tem- 
peratures seriously  complicates  the  interpretation  of  the  observed  phe- 
nomena, and  equations  for  the  kinetics  of  imperfect  gases  have  been  in- 
vestigated only  in  a  few  instances.  It  is  known,  however,  from  the  ex- 
periments of  many  observers,  among  whom  v.  Obermayer  has  examined  ^ 
the  greatest  number  of  correlative  results,  that  both  the  exponents  n  of 
the  above  formula^ as  well  as  the  coefficients  of  thermal  expansion  show 
a  very  marked  tendency  to  increase  in  proportion  as  the  gas  loses  the 
properties  of  a  perfect  gas  and  tends  to  become  vapor.  These  known 
facts  are  almost  conclusive  evidence  in  favor  of  the  view  I  have  ex- 
pressed, and  the- large  .exponent  n  which  applies  for  air  at  low  temper- 
atures may  be  looked  upon  as  a  criterion  of  imperfect  gaseity. 

All  these  inferences  are  materially  substantiated  by  the  data  obtained 
for  hydrogen.  Pulufs  low  temperature  exponent  for  hydrogen  is 
M=0.69;  Warburg's  w=0.63 ;  v.  Obermayer's  w=0.70.  Hydrogen, 
therefore,  being  (cwt.  par.)  more  nearly  a  perfect  gas  than  air,  shows  the 
same  value  of  n  at  all  temperatures  above  zero  as  far  as  I  have  ob- 
served ;  or,  in  other  words,  shows  at  zero  the  same  law  which  in  the 
case  of  air  begins  to  apply  at  temperatures  above  200°.  Probably  the 
strongest  evidence  in  favor  of  the  law  I  adduce  is  the  fact  that  at  high 
temperatures  air  and  hydrogen  behave  identically,  or  that  the  same 
law 

appertains  to  each.  This  is  proved  conclusively  by  Tables  81  to  89, 
despite  all  thermal  and  incidental  errors  which  the  tables  may.  contain. 
For  these  errors,  affecting  both  gases  alike,  will  not  interfere  with  the 
identity  of  behavior,  should  it  obtain.     My  data  show  that  it  does. 

1  Cf.  Nataiisou  :  Wied.  Ann.,  vol  33,  1888,  p.  G83. 
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THE  NEW  METHOD   OF  PYROMETRY. 

Methods  of  computation. — In  view  of  these  harmonious  results,  I  am 
induced  to  place  great  reliance  on  the  accuracy  of  the  relation 

?f  =  r/0  (l  +  ad")i, 

as  a  law,  which  in  the  case  of  a  diatomic  perfect  gas  like  air  or  hydrogen 
expresses  the  thermal  variations  succinctly.  Subject  to  the  validity  of 
this  law,  the  favorable  character  of  my  results  therefore  introduces  a 
new  method  of  high-temperature  measurement ;  for  by  applying  the 
Poiseuille-Meyer  equation  to  transpiration  data,  such  measurements 
can  be  made  absolutely,  throughout  a  wider  thermal  range,  and  with 
much  greater  convenience  and  accuracy  than  is  the  case  with  any  other 
known  method,  not  excepting  the  air  thermometer.  Moreover,  the  ex- 
clusive dependence  of  thermal  data  on  the  coefficient  of  thermal  ex- 
pansion can  now  be  put  to  the  test  inasmuch  as  a  series  of  analogous 
data  may  be  investigated  on  the  basis  of  the  above  relation,  and  the 
two  series  of  data  can  be  compared  throughout  the  whole  interval  of 
temperature  observed. 

Introducing  t//=r/0  (l+a0")imto  Meyer's  equation,  and  solving  with 
respect  to  0",  the  following  form  results  : 

C" 

(l+ad")*__n  1+4"W'P2— p2  t"  RQ"* 
(1+/J0")<~16        7/0  7tf—  V0     I" 

m 

1+4 1    •* 

or  more  simply 

Here  t/0  is  the  zero-viscosity  of  the  gas  selected  for  temperature 
measurement.  6  denotes  the  temperature  of  the  cold  ends  of  the  capil- 
lary platinum  tube,  and  y  is  Mr.  Holinan's  coefficient  for  air,  approxi- 
mately ^=0.00275.  The  remaining  variables  have  the  signification 
given  on  page  253.  RQ"  and  R0  being  respectively  the  radii  of  the  hot 
part  {I"),  and  cold  parts  (Z',  V")  of  the  capillary  tube  at  0°  0.,  are  prac- 
tically equal  in  my  apparatus.  Hence,  to  reproduce  the  temperature,  in 
Tables  86  to  89  from  the  measurements  of  viscosity  made,  the  equation 
takes  the  simple  form 

(1+y*  #£-16.76.  Vo  V    V0  \*      *  J        I"      U+U.UUb4  »)    .    (W) 


OF 
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a  form  which  also  includes  equation  (12),  since  A  and  B  are  constants. 
In  the  case  of  any  instrument  the  capillary  bore  of  which  is  variable 
along  the  length  of  the  tube,  or  which  can  not  be  determined,  A  and  B 
may  be  found  by  exposing  the  viscosity  pyrometer  to  two  known  tem- 
X>eratures.  For  greater  accuracy  such  an  instrument  may  be  directly 
compared  with  the  air  thermometer  in  the  way  soon  to  be  indicated. 
In  this  place  it  is  pertinent  to  call  to  mind  certain  valuable  properties 
of  the  explicit  equations  (12)  and  (13).  In  the  first  place  it  is  clear,; 
inasmuch  as  the  right-hand  member  of  the  equations  varies  as  thej 
f  power  of  absolute  temperature,  that  the  transpiration  thermometer 
is  unusually  sensitive  to  variations  of  temperature.  Again  it  appears 
that  the  one  consideration  in  which  the  equations  might  seem  to  be  of 
questionable  applicancy,  viz,  the  occurrence  of  the  fourth  power  of 
(1+/J0"),  becomes  of  less  serious  moment  because  this  expression  only 
effects  l-\-a  6"  in  the  2.4  power  of  (1+fid").  Hence  the  coefficient  of 
thermal  expansion  ot  platinum,  it  known  with  an  accuracy  of  only, 
10  per  cent., would  not  affect  the  result  more  than  0.2  per  cent,  at  1,000°. 
Furthermore,  in  the  case  of  known  fixed  thermal  data,  like  those  dis- 
cussed in  Chapter  II,  j3  may  be  directly  determined  from  transpiration 
measurements  made  with  the  instrument  itself.  For  it  is  merely  neces- 
sary to  solve  equation  (14)  with  respect  to  fim  order  to  determine  this 
constant  with  the  same  degree  of  accuracy  with  which  it  is  to  be  used. 
Finally  the  quantity 


7J0 

which  enters  into  equations  (12)  and  (13)  can  also  be  directly  determined 
from  measurements  made  at  the  low  temperature.  For,  disregarding 
the  unessential  correction  members,  equation  (5),  on  page  253  shows  at 
once  that 

x .  R<f_      «        t" 


7)      16.76.  L  V0  (p2~^2) 


in  which  if  the  measurements  are  made  at  0,  t]  may  be  reduced  to  y]0  by 
Holman's  coefficient.  With  this  operation  the  fiducial  zero  of  the  vim 
cosity  apparatus  may  be  said  to  be  determined.  2jJ04Ao  is  more  ac-i 
curately  determinable  in  this  way  than  by  gravimetric  measurement 
of  R. 

Results. — To  give  emphasis  to  the  remarks  on  the  probable  excellence 
of  the  viscosity  pyrometer,  I  will  use  the  data  in  Tables  86  to  89  for 
the  calculation  of  temperatures  from  data  based  on  the  viscosity  ol 
the  gases  operated  with.  In  Table  92,  6"  denotes  the  temperature,' 
thermo-electrically  measured,  at  the  points  of  the  helix  shown  in  the 
diagram,  Fig.  47a.  [8"]  is  the  corresponding  datum  of  the  transpiration 
pyrometer. 
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Table  92.— Temperatures  measured  thermo-electrically  and  by  the  transpiration  pyrometer. 


Aii- 


Air  . 


Air 


Air 


520 
562 
567 
586 
598 


994 
996 

1212 
1217 
1219 

430 
436 
446 
455 

563 
568 
570 
575 

975 

981 
990 

1209 
1210 
1210 


[B"\ 


511 
549 
558 
572 
583 

964 
963 
966 

1217 
1227 
1222 

442 
450 
458 
467 

571 
574 

577 
580 

965 
971 
981 

1245 
1245 
1247 


Diff. 


+13 
+  9 
+14 
+15 

+30 
+  31 
+30 

-  5 
-10 

-  3 

-12 
-14 
-14 
-12 


-  7 

—  5 

+  10 
+10 
+  9 
-36 
-35 
-37 


6" 

L««] 

Diff. 

Hydrogen. 

958 

956 

+  2 

960 

958 

+  2 

962 

959 

+  3 

962 

960 

+  2 

970 

975 

-  5 

Hydrogen . 

1209 

1329 

-120' 

1212 

1338 

-126 

1215 

1337 

—122 

Hydrogen . 

414 

434 

-  20 

416 

437 

-  21 

421 

441 

-  20 

423 

445 

-  22 

Hydrogen 

507 

529 

-  22 

513 

535 

i  22 

515 

530 

-  21 

518 

541 

-  23 

520 

543 

-  23 

521 

543 

-  22 

Hydrogen. 

946 

963 

-  17 

952 

968 

-  16 

954 

974 

-  20 

955 

976 

-  21 

*  Platinum  pervious  to  hydrogen. 

The  errors  of  this  table  are  apparently  large  in  places  ;  but  they  are 
by  no  means  excessive  when  the  great  difficulties  of  experiment  are 
justly  taken  into  account.  The  observation  of  especial  importance  here 
is  that  the  distribution  of  errors  is  promiscuous.  A  difference  of  125° 
occurs  in  the  case  of  hydrogen  transpiring  at  1,200°;  but  at  this  tem- 
perature platinum  is  seriously  pervious  to  hydrogen.  In  some  measure 
the  errors  are  due  to  the  fact  that  the  gases  referred  to  the  same  ?/0 
were  not  absolutely  identical  in  composition.  This  is  particularly  the 
case  in  the  final  data  for  hydrogen  in  which  the  nearly  constant  error 
—20°  is  due  to  the  erroneously  low  r/0  here  inserted — as  I  have  already 
pointed  out,  page  271.  Beyond  this  I  believe  that  the  differences  of 
temperature  remaining  indicate  actual  differences  of  thermal  environ- 
ment for  the  two  thermometers  here  compared.  They  show  that 
throughout  the  space  enveloping  the  two  pyrometers  temperature  was 
not  rigorously  constant,  and  it  is  quite  in  keeping  with  the  present 
method  of  experiment  to  suppose  that  the  mean  temperature,  0",  of  three 
points  as  given  by  the  thermo  element,  and  the  mean  temperature  [0"], 
for  the  length  of  nearly  67cm  of  platinum  capillary  tube,  will  not  even  in 
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the  final  experiment  have  been  identical  within  20°  at  1,000°.  Takin; 
the  transpiration  data  alone  they  manifest  a  striking  degree  of  accord 
auce  even  above  1,300°,  as  may  be  readily  proved  by  the  earlier  tables 
81  to  85.  Again  the  uniformity  of  variation  of  a  given  thermal  datum 
whether  measured  thermo-electrically  or  by  the  transpiration  pyrome1 
ter,  proves  beyond  a  doubt  that  high  thermal  data  are  measurable  a 
1,000°  in  terms  of  the  viscosity  in  gases  with  an  accuracy  of  a  few  tenths 
of  a  degree. 

TRANSPIRATION  NOT  SUBJECT  TO  THE  POISEUILLE-METER  LAW. 

Objects  of  tlie  investigation. — The  chief  difficulty  in  operating  with  capil- 
lary tubes  of  a  bore  so  fine  that  Meyer's  formula  is  rigorously  applicable 
at  low  temperatures  as  well  as  at  high  temperatures  lies  in  the  fact  tha^l 
the  flow  in  such  tubes  almost  ceases  when  the  degrees  of  white  heatl 
are  approached.  There  are  a  number  of  ways  of  obviating  this  annoys 
auce,  in  the  first  of  which  fascicles  of  tubes  are  used  side  by  side;  \ik 
the  second  of  which  the  transpiring  volumes  are  measured  in  gradecj] 
apparatus,  so  that  at  high  temperatures  small  volumes  may  be  measurecfil 
as  accurately  as  large  volumes  at  low  temperatures.  Again,  tran spiral 
tion  may  be  allowed  to  take  place  through  graded  capillary  tubes  ol 
platinum  the  length  or  bore  of  which  increases  by  some  given  law ;  oni 

with  the  slow  current  in  continuous  flow,  rates  of  transpiration  (  ~  ][ 

may  be  measured  by  some  applicable  method  of  repetition. 

It  is  nevertheless  desirable,  however  well  these  means  suffice  forj 
the  attainment  of  the  end  in  question,  to  try  to  arrive  at  practical 
results  relative  to  tubes  of  a  bore  so  large  that  Meyer's  formula  is  noj 
longer  applicable.  All  these  endeavors  are  decidedly  in  the  interest  of] 
expeditious  work,  for  I  find  that  compared  with  each  other  such  meas-j 
urements  are  not  lacking  in  accuracy,  although  the  total  time  consumed 
for  observation  may  not  exceed  a  minute. 

To  make  these  observations  greater  volumes  of  air  are  necessary.; 
Hence  I  have  found  it  desirable  to  measure  the  volumes  before  they* 
enter  the  platinum  capillary  tube.     I  mention  this  here  to  point  out  an 
important  peculiarity  of  the  above  apparatus.    It  is  easily  possible  sol 
to  adjust  it  that  the  gas  may  be  measured  both  before  entering  and! 
after  leaving  the  platinum  capillary.     The  observer  then  has  it  in  his 
power  not  only  to  detect  the  presence  of  gross  leaks  in  the  apparatus 
with  certainty,  but  to  follow  the  gas  in  its  motions  either  (normally) 
through  the  capillary  canal  or  (by  diffusion)  through  the  white-hot  walls 
of  platinum  tube.1     Moreover,  it  will  be  noted  that  the  experiment  in  j 
gaseous  flow  through  capillary  tubes  are  accompanied  by  something  re-] 
motely  similar  to  self-induction  on  opening  and  on  closing  the  circuit.  For ; 
when  the  stop  cock  Jfin  Fig.  45  is  opened,  the  air  rushes  in  the  dead  space. 

1  See  remarks  relativo  to  impure  hydrogeD,  p.  275. 
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tween  stop  cock  and  capillary  tube  until  the  high  pressurePis  reached; 
id  after  closing  the  stop-cook  the  compressed  air  of  the  dead  space  is 
•adually  discharged.  The  method  of  eliminating  the  positive  error 
hich  is  thus  added  to  the  transpiration  volume  ( V0)  has  been  indicated 
1  page  257.  But  when  the  transpiration  volume  has  to  be  chosen  small 
e  dead  space  discrepancy  is  more  serious  in  character  even  when  re- 
iced  to  the  smallest  value  compatible  with  the  practical  efficiency  of 
e  apparatus.  These  difficulties  are  quite  avoided  by  using  tubes  of 
rge  bore  and  larger  volumes  of  gas,  and  hence  a  second  reason  why 
e  experiments  of  the  present  paragraph  are  desirable. 
Hoffmann's  researches. — From  a  theoretical  point  of  view1  the  con- 
derations  involved  are,  of  course,  of  extreme  difficulty  and  compli- 
ited  in  mathematical  character.  As  such  they  must  be  here  omitted, 
rom  an  experimental  point  of  view,  the  difficulties  encountered  are 
rtunately  less  formidable,  and  an  excellent  analysis  of  the  subject, 
ised  on  a  variety  of  observations,  has  been  published  by  Hoffmann.2 
Hoffmann,  after  recognizing  that  the  chief  discrepancy  is  introduced 
the  ends  of  the  tubes,  derives  his  first  equation  by  successively  ap- 
ying    Navier's   equation   vp=R2  n  nx  \J Ch%^  for  the  ends  of  his 

ibes,  and  the  Poiseuille-Meyer  equation  for  the  intermediate  parts, 
nfortunately,  even  in  the  favorable  case  of  slight  variation  from 
oiseuille-Meyer's  law,  this  process  leads  to  very  involvedresults: 


7TX 


(VP)2  0  ,       X2 

E*   7L1  Op? 

(vp)2 

7t2=p2  e*«*<W, 

rhere  px  and  p2  are  the  observed  pressures  just  before  entering  and 
saving  the  capillary  tube,  and  7tx  and  n2  are  the  corresponding  press- 
res  in  the  first  and  final  section;  (7=—^      X^T^      and  the  remain- 

7  0.00129277 

ag  variables  have  a  meaning  which  is  easily  understood  from  the 
iscussion  on  page  253.     7T=3.1416  and  e  is  the  basis  of  the  Naperian 

^be  literature  is  digested  by  Hoffmann  (1.  c.)  as  follows:  Navier:  Mem.  de  l'Acad. 
e  8c.  de  Paris,  vol.  6,  1823,  p.  389 ;  Poisson  :  Journale  de  l'dcole  Polytecbnique,  vol. 
3,  1831, p.  139;  Stokes:  Trans.  Cambridge  Philos.  Soc.,  vol.  8,  1849,  p.  287;  Caucby : 
Sere,  de  Mathem.,  vol.  3,  1828,  p.  183;  de  St.  Venant:  C.  R.,  vol.  17,  1843,  p.  1240; 
tefan:  Wien.  Ber.,  vol.  46  (2),  1862,  p.  8. 

2 Hoffmann:  Wiedemann,  Aunalen  Pbysik,  new  series,  vol.  21,  1884,  p.  470. 
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logarithms.  Unfortunately  these  values  of  zrj  and  7t2  themselves  con 
tain  vp,  for  which,  however,  the  approximate  value  given  by  Poiseuille 
Meyer's  law  may  usually  be  substituted  with  sufficient  accuracy. 

In  view  of  these  difficulties  Hoffmann  investigates  an  empirical  rela 
tion  by  observing  that  (ceteris  paribus)  the  certain  small  length  oil 
maximum  efflux  is  subject  to  Navier's  law,  whereas  as  length  increases 
the  efflux  obeys  Poiseuille-Meyer's  law.     If,  therefore,  time  of  efflux 
(ceteris  paribus)  be  studied  as  a  function  of  length,  Navier's  law  fixes 
a  point,  while  Poiseuille-Meyer's  law  fixes  an  oblique    line  passing; 
through  the  origin.     Hoffmann  then  supposes  on  the  basis  of  his  experi- 
mental results  that  the  actual  passage  from  the  point  to  the  line  takes s 
place  nearly  along  an  hyperbola,  of  which  the  said  point  is  the  vertex, 
and  the  said  line  the  asymptote.     A  suitable  modification  of  this  hy- 
pothesis leads  Hoffmann  to  the  equation 

i 
vp. 


AT"    ~T~ 


where 


p  _R*7rdg  (p^p*2) 
1  IU77 1 


y     B27t  {pl-\-p2)     I      C       .        2Pl 
IVl 2  V  0.43429     givf] 


+P2 

and  where  &=(Z-j-4)  (2  Z+4)  and  a  has  a  tabulated  value  of  nearly  1,  but 
varying  with  the  mean  difference  of  pressure. 

Hoffmann's  equation  contains  difficulties  of  calculation  of  a  very 
tedious  and  impracticable  kind,  particularly  in  view  of  the  involved 
occurrence  of  the  factor  0,  which  represents  the  thermal  variations 
of  the  transpiring  gas.  With  full  deference,  therefore,  for  the  accu- 
racy of  application  which  Hoffmann  has  reached  in  his  results,  I  shall 
nevertheless  compute  r/  by  the  formula  (5)  on  page  253,  above;  i.  e.? 
directly  by  the  Poiseuille-Meyer  law.  Having  done  this,  it  was  my; 
further  object  to  find  from  the  known  law  of  variation  of  77  with  tem- 
perature, what  correction  was  to  be  applied  to  the  Poiseuille-Meyer 
equation,  to  make  the  data  for  tubes  not  rigorously  capillary  conform 
with  the  data  already  in  hand  for  truly  capillary  tubes.  The  plan 
which  I  have  in  mind  is  somewhat  different  from  that  of  Hoffmann 
and  more  in  harmony  with  the  general  tenor  of  my  experiments.  The 
form  which  I  aim  to  give  my  correction  is  an  exponential,  in  which 
the  dimension  of  the  capillary  tube  and  the  actual  viscosity  of  the 
transpiring  gas  are  the  variables.  I  found,  however,  that  to  do  this 
satisfactorily  it  would  be  necessary  to  repeat  my  experiments  at  greater 
length  than  I  am  now  justified  in  doing;  and  observing  that  the  data 
which  I  have  in  hand  make  up  a  diagram  of  the  transpiration  phe- 
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nomenon  in  wide  tubes,  of  remarkable  clearness  and  full  of  suggestion, 
I  resolved  to  communicate  these  without  elaborate  reductions. 


EXEKIMENTAL  RESULTS. 

Transpiration  under  variable  pressure  P—p. — I  shall  introduce  these 
results  by  a  number  of  experiments  made  at  the  outset  of  the  present 
investigation,  inasmuch  as  these  have  a  direct  bearing  on  the  feasibility 
of  the  transpiration  apparatus  for  pyrometric  purposes.  In  these  ex- 
periments neither  Mariotte  flask  nor  lateral  rube  was  employed,  so  that 
the  pressure  fell  from  the  initial  to  the  final  value  at  one  end  of  the 
tube,  the  other  being  at  atmospheric  pressure.  The  helix  itself  was 
wound  in  a  flat  form  of  large  radius  so  as  to  lie  completely  in  the  zone 
of  fusion  of  the  Bunsen  burner.  For  each  special  part  of  the  table  the 
conditions  of  flow,  however  complex,  are  the  same,  t  is  the  time  of 
efflux  of  the  volume  F;  L  and  I  denote  the  length  of  tube  and  cold 
ends;  R  is  the  internal  radius.  In  Table  95  the  tempestuous  influx  of 
mercury  into  the  receiver  B  was  avoided  by  opening  the  stop-cock  of 
the  Mariotte  flask  until  the  flow  of  mercury  had  ceased,  and  then  open- 
ing the  stop- cock  of  the  capillary. 

Table  93. — Transpiration  of  air  under  variable  pressure.     {Burner  not  chimneyed.) 
[Capillary  tube  No.  1.     i  =  37cm.     Z  =  8cm.    i?=r0.025cm.     F0=580«.    0  =  20°.] 


Time. 

Initial 
pressure. 

Final 
pressure. 

Barome- 
ter. 

Temperature. 

98    ) 

r 

20°. 

459 

I 

I 

Bright  red  heat  (1,000°). 

99 

}         108 

97 

78  { 

20°. 

459 

| 

| 

Bright  red  heat. 

98 

J 

I 

20°. 

78 

1 

r 

20°. 

323 

Bright  red  heat. 

78 

}         118 

107 

78 

20°. 

314 

| 

Bright  red  heat. 

78 

> 

20°. 

189 

i 

r 

Bright  red  heat.- 

57 

| 

| 

20°. 

187 

)■         143 

132 

78  < 

Bright  red  heat. 

55 

. 

| 

20°. 

187 

J 

I 

Bright  red  heat. 
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Table  94.  —  Transpiration  of  air  under  variable  pressure.     {Chimneyed  burner.} 
[Platinum  capillary  tubo  No.  1.     £  =  37cm.     Z  =  4cm.     JR  =  0.0272cm.     7"0=:58acc.] 


Time. 

Initial 
pressure. 

Final 
pressure. 

Barome- 
ter. 

Temperature. 

79 
249 

79 
252 

145 
590 
145 
597 

1 

[>         118 

!>           99 

1 
J 

112 
91 

f 
1 

78  < 
1 
I 

f 

78  <| 

1 

18°. 

Bright  red  heat. 

18°. 

Bright  red  heat. 

18°. 

Bright  red  heat. 

18°. 

Bright  red  heat. 

Table  95. — Transpiration  of  air  under  variable  pressur 

[£=37'm.     &=4em.     .£=0.0272™.     0=5°.      F0=580r'.] 


Time. 

Initial 
pressure. 

Final 

pressure. 

Barome- 
ter. 

Temperature. 

73 

] 

r 

15°. 

244 

I 

Bright  red  heat. 

74 

}         120 

114 

77   <[ 

15° 

242 

! 

Bright  red  heat. 

74 

J 

I 

15°. 

92 

i 

r 

15o. 

313 

1 

| 

Bright  red  heat. 

92 

>   in 

104 

77   < 

15°. 

319 

1 

| 

Bright  red  heat. 

92 

j 

I 

16°. 

125 

i 

f 

16°. 

487 

1 

| 

Bright  red  heat. 

125 

J>         101 

94 

77   < 

16°. 

478 

1 

Bright  red  heat. 

125 

j 

16°. 

195 

1 

r 

16°. 

900 
900 

1 

)■          .92 
1 

84 

77   \ 

1 

Bright  red  heat. 
Bright  red  beat. 

196 

J 

I 

16°. 

Transpiration  under  constant  pressure  P—p. — The  following  tables,  96 
to  100,  contain  the  results  of  precise  experiments.  As  before,  P  and  p 
are  the  pressures  at  the  two  ends  of  the  platinum  capillary,  respect- 
ively; 6"  the  temperature  of  its  hot  parts  L— (V+V"),  and  6  the  tem- 
perature of  its  cold  parts.  Fis  the  zero- volume  of  air  transpiring 
through  the  capillaries  in  the  time  t".  E  is  the  radius  of  the  capillary 
and  r  the  actual  temperature  of  the  air  in  the  receiver  B  (Fig.  43),  from, 
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which  temperature  r  the  reduction  to  zero  was  made.      F(6")  has  the 
above  signification. 

F(6")= 


Unfortunately,  the  measurement  of  6"  in  all  these  experiments  was 
made  as  shown  in  the  diagram,  Fig.  47,  and  hence  these  values  are  not 
so  good  as  those  in  Tables  86  to  89  above  (helix  very  compact),  r  is 
directly  read  off  on  the  thermometer  T  in  the  receiver  By  in  Fig.  44, 
and  the  correction  may  be  applied  either  to  t"  or  to  the  final  tf'. 

To  measure  V,  I  filled  the  receiver  with  mercury  and  weighed  the 
volume  of  liquid  contained.  Similarly  B  was  computed  from  the  weight 
of  the  mercury  thread  which  fills  the  capillary  tube.  But  this  opera- 
tion in  case  of  an  opaque  tube  is  very  unsatisfactory.  My  plan  was  to 
seal  the  capillary  helix  (previously  dried  and  weighed  with  care)  into  a 
glass  tube  with  mastic,  and  then  allow  a  current  of  mercury  to  pass 
through  both.  When  all  air  was  expelled  I  stopped  up  one  end  of  the 
capillary  with  soft  wax,  then  removed  the  glass  tube,  cleansed  the  helix, 
and  weighed  again.  The  weights  so  obtained  differ  enough  to  make 
errors  of  5  per  cent,  and  10  per  cent,  in  jK4  possible.  Hence  I  put  no 
stress  on  the  absolute  data,  but  consider  them  in  their  relative  bearing 
only.  For  each  such  relative  series  B  is  constant.  Perhaps  volumetric 
methods  might  have  led  to  better  results  (v.  page  213),  but  I  did  not 
apply  them. 

To  calculate  if  the  formula  on  page  253  was  employed  in  the  usual 
way.  This  presupposes  a  knowledge  of  r/  for  the  cold  ends,  correspond- 
ing to  each  pressure  observed.  It  is  necessary,  therefore,  first  to  con- 
struct r/  as  a  function  of  pressure  graphically,  in  order  that  the  proper 
value  may  be  inserted  into  the  correction  member  of  the  formula  for  rf'. 

The  error  due  to  cold  ends  here  in  question  bears  an  intimate  relation 
to  the  Navier  effect;  and  this  method  of  correcting  for  it  presupposes 
that  both  the  cold  part  and  the  hot  part  of  the  capillary  has  two  ends. 
Hence  it  would  seem  that  as  there  are  in  all  but  two  ends,  instead  of 
four,  to  the  capillary  tube  experimented  upon,  that  the  correction 
applied  is  not  valid.  I  think,  however,  the  following  results  show  that 
the  departure  from  Poiseuille-  Meyer's  law  observed  with  metallic  capil- 
lary tubes  is  largely  due  to  unavoidable  roughness  of  the  internal  sur- 
face (i.  e.,  of  the  walls  of  the  capillary  canal),  and  hence  the  correction 
is  warranted. 

Bull.  54 19  (943) 
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Table  96. — Apparent  viscosity  of  air  at  high  temperatures.     Absolute  measurement. 
[Capillary  tube  No.  10.    L  =  33.43"».     l'+  l'"  =  2.1™.     7=565.7".     P=0.00794c™.     0  =  7°.] 


p 

P-p 

t" 

P 

17 

9" 

y\" 

r 

F(6") 

1+4  £/R 

l  +  4£"/P" 

*133. 11 

92.32 

U24.69 

88.60 

j 125. 64 
125.  68 

§125.22 
124.  68 

56.35 
15.56 
48.  04 
11.  95 

49.18 
49.22 
48.86 
48.32 

1506 
6545 
1677 
7930 

1683 

1660 

18000 

1678 

232000 
224300 
211600 
204400 

218800 

216000 

2321000 

213500 

0. 000272 
262 

0.  000251 
243 

0 
0 
0 
0 
0 

14 

0 

977 

0 

0.000266 
257 
246 
238 

0.0002588 

+2508 

6858 

2491 

19.6 
19.4 
21.5 
22.0 

20.8 
20.7 
22.8 
22.3 

2.743 

0.000256 
0. 000255 
0.  000254 

*  First  ajnstment,  p  =  76.76. 
t  Second  adjustment,  p  =  76.65. 


I  Third  adjustment,  p  =  76.46. 
§p  =  76.36. 


Table  97. — Apparent  viscosity  of  air  at  high  temperature.     Absolute  measurement. 

[Capillary  tube  No.  9.     P  = .     P  =  0.0184cm.     Y=566™.     0  =  4°.     l'+l'"  — 1.5™.     Thermo-couple 

No.  37.] 


p 

r-P 

t" 

P 

6" 

V 

T 

1+£»]R" 

*121.  26 

45.34 

183 

21550 

0 
4 

0. 000367 

20.5 

121.  25 

45.33 

183 

21550 

4 

365 

19.2 

121.  24 

45.32 

183 

21550 

4 

364 

18.8 

114.  31 

38.39 

211 

20290 

4 

343 

18.5 

114. 16 

38.24 

211 

20200 

4 

341 

18.5 

107.  60 

31.68 

250 

19150 

4 

324 

18.5 

107.  54 

31.62 

250 

19110 

4 

323 

18.5 

101. 12 

25.20 

306 

17980 

4 

302 

18.3 

101.  10 

25.18 

306 

17960 

4 

302 

18.3 

94.24 

18.32 

407 

16710 

4 

282 

18.0 

94.23 

18.31 

405 

16620 

4 

280 

18.0 

87.41 

11.49 

621 

15350 

4 

259 

17.8 

87.44 

11.52 

616 

15270 

4 

258 

17.8 

87.44 

11.52 

614 

15220 

4 

257 

17.8 

t87.  91 

11.81 

856 

21790 

100 

0. 000280 

19.6 

87.85 

11.75 

846 

21420 

100 

275 

19.9 

94.81 

18.71 

556 

23370 

100 

300 

20.2 

95.00 

18.90 

551 

23420 

100 

301 

20.1 

101.45 

25.35 

419 

24780 

100 

319 

20.0 

101.  75 

25.65 

418 

25060 

100 

322 

20.1 

115.  51 

39.41 

283 

28070 

100 

361 

20.3 

115.  52 

39.42 

281 

27890 

100 

359 

20.3 

123.44 

47.34 

241 

29920 

100 

385 

20.3 

123.  50 

47.40 

241 

29960 

100 

385 

20.3 

+124.10 

47.89 

1193 

150100 

1026 

0. 000591 

21.0 

124.  24 

48.03 

1188 

150100 

1030 

589 

21.2 

§88.  33 

12.25 

5632 

149200 

1024 

591 

22.0 

88.19 

12.11 

5624 

147000 

1021 

586 

23.0 

11124.16 

48.20 

1175 

149200 

1026 

590 

22.7 

123.  99 

48.03 

1187 

150100 

1026 

592 

21.5 

';>  =  75.92.        tp  =  76.10. 


;  p  =  76.21.        §p  =  76. 
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Table  98. — Apparent  viscosity  of  air  at  high  temperatures.    Absolute  measurement. 
[Capillary  tube  No.  3.    Z=42™\    l=V™.    #=0.025"-.     F=566«.    e=5°.    Thermocouple  tfo.  37.] 


p 

P-p 

t" 

P 

6" 

v" 
l+i£"/R" 

T 

*87.6 

11.3 

212 

5120 

0 

5 

0.  000279 

18.0 

91.9 

15.6 

160 

5480 

5 

299 

18.0 

97.0 

20.7 

127 

5950 

5 

325 

18.2 

102.2 

25.9 

106 

6410 

5 

351 

18.5 

107.6 

31.3 

91 

6850 

5 

375 

18.2 

112.0 

35.7 

81. 

7120 

5 

389 

18.2 

117.1 

40.8 

73 

7540 

5 

410 

17.5 

188.3 

11.3 

220 

5300 

14 

0. 000285 

93.2 

16.2 

162 

5800 

14 

309 

98.2 

21.2 

128 

6158 

14 

328 

103.2 

26.2 

106 

6498 

14 

346 

108.3 

31.3 

92 

6930 

14 

369 

113.5 

36.5 

81 

7315 

14 

389 

+89.6 

12.8 

269 

7460 

100 

0. 000312 

16.5 

94.7 

17.9 

201 

8030 

100 

336 

16.5 

100.5 

23.7 

156 

8530 

100 

357 

16.5 

§92.0 

15.0 

1209 

39800 

941 

0. 000562 

98.9 

21.9 

796 

39740 

941 

560 

105.7 

28.7 

585 

39840 

934 

564 

112.7 

35.7 

453 

39840 

933 

564 

p=76.3. 


tj»=77.0. 


=76.8. 


§p=77.0. 


Table  99. — Apparent  viscosity  of  air  at  high  temperatures.    Absolute  measurement. 
[Capillary  tube  No.  4.    l'+l"'=4cm.    i=42.5cm.    ^=566"".    P=0.025<-m.    0=1°.    Thermo-couple  No.  37.] 


p 

P-p 

t" 

V 

6" 

ij" 

1+4  i"/R" 

*86.4 

9.5 

268 

5390 

o 
4 

0.  000266 

22 

86.4 

9.5 

267 

.  5400 

4 

267 

22 

89.7 

12.8 

204 

5690 

4 

281 

22 

90.2 

13.3 

200 

5780 

4 

285 

21 

90.8 

13.9 

194 

5870 

4 

289 

21 

91.2 

14.3 

189 

5920 

4 

292 

21 

96.5 

19.6 

146 

6480 

4 

319 

21 

96.6 

19.7 

147 

6530 

4 

321 

21 

101.6 

24.7 

121 

6980 

4 

345 

21 

101.8 

24.9 

121 

7010 

4 

345 

21 

106.9 

30.0 

104 

7450 

4 

0. 000368 

22 

107.0 

30.1 

103 

7420 

4 

366 

22 

111.3 

34.4 

92 

7750 

4 

385 

21 

112.2 

35.3 

90 

7830 

4 

386 

21 

112.3 

35.4 

90 

7840 

4 

382 

21 

115.1 

38.2 

85 

8100 

4 

403 

22 

117.3 

40.4 

80 

8170 

4 

400 

22 

t88.  9 

12.0 

1000 

25850 

636 

0.  000428 

19 

89.0 

12.1 

1023 

26850 

658 

435 

19 

123.7 

46.8 

260 

31780 

652 

514 

19 

123.6 

46.7 

263 

32060 

658 

516 

19 

95.8 

18.9 

665 

28360 

684 

446 

19 
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Table  99. — Apparen  t  viscosity  of  air  at  high  temperatures.    Absolute  measurement — Cont'd. 


p 

P-p 

t" 

P 

0" 

U" 

T 

1+4  i"iW> 

95.6 

18.7 

681 

28670 

o 
695 

447 

20 

116.7 

39.8 

317 

31810 

687 

497 

20 

116.7 

39.8 

317 

31810 

690 

496 

20 

106.1 

29.2 

431 

29910 

687 

468 

21 

106.2 

29.3 

434 

30330 

689 

474 

21 

123.7 

46.8 

268 

32760 

688 

511 

21 

123.7 

46.8 

268 

32760 

687 

511 

21 

+95.2 

18.9 

697 

29690 

721 

0.  000451 

20 

95.2 

18.9 

724 

30840 

744 

457 

20 

95.3 

19.0 

767 

32910 

786 

471 

19 

123.4 

47.] 

305 

37640 

808 

526 

19 

123.4 

47.1 

311 

38390 

848 

518 

19 

95.2 

18.9 

835 

35550 

855 

480 

19 

95.4 

19.1 

847 

36510 

860 

491 

19 

123.2 

46.9 

327 

40140 

862 

536 

19 

123.5 

47.2 

326 

40340 

864 

537 

19 

95.4 

19.1 

864 

37270 

875 

494 

19 

§123. 5 

47.3 

363 

44840 

988 

0. 000545 

22 

123.6 

47.4 

366 

45540 

994 

548 

23 

88.2 

12.0 

1721 

44440 

998 

537 

23 

88.4 

12.2 

1688 

44320 

1004 

535 

23 

123.6 

47.4 

366 

45500 

1005 

545 

24 

123.5 

47.3 

369 

45770 

1005 

549 

24 

88.3 

12.1 

1688 

44220 

1004 

532 

24 

*#=76.9.  tp=76.9.  +#  =  76.3.  §p=76.2. 

Table  100. — Apparent  viscosity  of  air  at  high  temperatures.     Absolute  measurement. 

[Capillary  tube  No.  5.     £=35.1.     22=0.025cm.     F=565.7CC.     0=1°.     Z'-Hy"=3.0cra-] 


p 

P-p 

t" 

P2— p2 

0" 

r," 

T 

l+{"/B" 

*123.  83 

46.79 

436 

53200 

1285 

0. 000585 

19.4 

124.  76 

47.72 

426 

53250 

1286 

585 

19.6 

124. 53 

47.49 

428 

53100 

1286 

584 

19.8 

89.20 

12.16 

1942 

50840 

1286 

565 

21.0 

89.17 

12.13 

1935 

50640 

1297 

567 

22.0 

tl24.  61 

47.61 

423 

52700 

1300 

579 

22.1 

124.  67 

47.67 

422 

52660 

1305 

578 

22.4 

+124. 24 

47.31 

337 

41690 

1048 

0. 000541 

22.8 

124. 07 

47.14 

338 

41630 

1.045 

541 

22.5 

88.90 

11.97 

1469 

37910 

1044 

495 

22.5 

88.99 

12.  06 

1458 

37920 

1043 

495 

21.8 

124.  31 

47.38 

334 

41390 

1035 

540 

22.0 

124. 11 

47.  18 

334 

41170 

1035 

538 

22.0 

§108.44 

31.59 

92 

7008 

70 

0. 000386 

22.0 

109. 07 

32.22 

90 

7015 

386 

22.0 

85.81 

8.96 

261 

4949 

273 

22.5 

85.63 

8.78 

263 

4881 

269 

22.5 

85.78 

8."  93 

262 

4951 

273 

22.5 

108.  96 

32.11 

90 

6985 

385 

22.5 

108.  47 

31.  62 

92 

7015 

386 

22.5 

jp  =  77.04. 


1^=77.00. 


+.p=76.93. 


§p=76.85. 
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Among  these  tables  the  first  is  unique,  and  I  shall  therefore  specially 
refer  to  it.  The  capillary  tube  used  is  the  same  with  which  the  data 
iii  Tables  81  to  90  wrere  investigated;  but  for  the  large  volume  VG  the 
time  of  efflux  at  red  heat  (977°)  is  five  hours.  During  the  whole  of  this 
time  6"  and  P  were  measured  so  as  to  obtain  a  fair  mean  result  and 
eliminate  unavoidable  fluctuations  of  temperature.  It  is  exceedingly 
gratifying  to  observe  that  the  value  of  F  (6")  computed  from  these 
observations  conforms  very  well  with  the  data  of  Tables  81  to  89,  and 
with  the  law  ?//=fj0(l-\-a(/"Y^  despite  the  great  difference  of  method  of 
measurement  employed.  Differences  of  t?q  in  different  parts  of  the  table 
are  due  to  imperfections  in  the  earlier  adjustment;  but  the  values  of 
7/0  measured  before  and  after  the  high  temperature  measurement  agree 
satisfactorily.  Yariations  of  ?j0  with  P  will  be  discussed  below.  The 
negative  error  of  F{6")  may  also  be  anticipated,  since  in  so  long  a 
period  of  efflux  (five  hours)  even  minute  leaks  in  the  compressing  appa. 
ratus  would  produce  appreciable  results. 

Transpirations  compared  differentially. — Before  proceeding  with  the 
discussion  of  these  results  it  is  expedient  to  communicate  the  data 
obtained  with  a  differential  apparatus.  The  formula  for  this  method 
of  experimentation  has  already  been  given.  Hence  the  results  of  the 
following  Tables  101  to  103  need  but  little  further  elucidation.  The  ad- 
justments here  are  identical  in  plan  with  those  of  the  differential  gal- 
vanometer. In  Fig.  55,  p.  305,  air  is  supposed  to  enter  at  a  and  to  pass 
through  the  stop-cock  K,  where  the  bifurcation  of  current  is  brought 
about.  Supposing  K  open,  a  part  of  the  air  passes  through  the  hot 
spiral  R  and  thence  to  the  measuring-tube  Vg ;  the  remainder  through 
the  cold  helix  (7,  and  thence  to  the  measuring-tube  Vh.  Vh  and  Vg  cor- 
responding respectively  to  the  temperature  6  and  6"  are  given  in  the 
Tables.  If  6=6",  then  the  results  contain  data  for  the  computation  of 
the  ratio  of  the  radii  of  the  two  helices.-   If  6">6,  the  results  lead  to 

the  beauty  of  the  method  being  this,  that  time  and  pressure  measure- 
ments (in  the  case  of  capillary  tubes  of  very  small  bore)  are  superfluous. 
I  have  purposely  used  tubes  of  large  bore  however.     From  Fi(6"), 


'/(»£) 


may  be  calculated  by  inserting  the  corresponding  values  of  ;/  from 
Tables  9G  to  100. 
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Taijle  101. — Differential  measurement.    Apparent  viscosity  of  air  at  high  temperatures. 

|  Capillary  tubes  Nos.  5  and  6.     l'+l"'=0.     Z"=35.1C™.     i=35.1<=™     JJ=0.025cm.     Couple  No.  37.   p=75.3- 

0=4o.l 


P-P 

Vh 

n 

16.7 

48.51 

52.17 

15.1 

40.01 

50.42 

11.5 

48.09 

52.57 

8.9 

48.44 

51.22 

47.14 

48.06 

*"(1+^) 

1/0+47/^2) 

0" 

P 

Xfch/-Rg 

0 

4 

4 
4 
4 
4 

92.1 
90.4 
85.9 
84.3 

0.928 
0.  911 
0.914 
0.946 
0.981 

P-P 

Fh 

rs 

7.9 

51.3 

16.5 

11.0 

50.2 

16.  5 

16.2 

50.7 

16.9 

20.6 

52.0 

16.5 

25.8 

48.4 

38.6 

31.1 

48.6 

16.7 

27.8 

46.2 

^6.4 

23.1 

45.7 

15.4 

19.2 

50.2 

16.9 

14.0 

50.3 

16.0 

9.2 

50.8 

14.6 

1.30 
1.22 
1.15 
1.18 
0.92 
0.99 
0.96 
1.02 
1.03 
1.  10 
1.22 


0" 

P 

454 

83.4 

483 

86.5 

505 

91.7 

531 

96.1 

578 

101.3 

617 

106.6 

620 

103.3 

612 

98.6 

604 

94.7 

594 

89.5 

589 

84.7 

Table  l(/2.— Differential  measurement.     Apparent  viscosity  of  air  at  high  temperatures. 
[Capillary  tubes  "Nos.  5  and  6.     l,+l'"=5c'0.    Z"=30.0cm.     Z=35.0cm.     i2=0.025cm.    p  =  76.2.    0=946°]. 


P-p 

Th 

ve 

7j"(l  +  a0")  (1  +  00)4 
>,(l+a0)Tl+tf0")4" 

0" 

P 

48.3 

50.54 

42.06 

1.37 

(1200) 

124.  5 

12.0 

51.95 

39.87 

1.48 

88.2 

48.2 

52.59 

44.19 

1.36 

124.4 

11.9 

51.59 

40.26 

1.46 

88.1 

11.8 

51.09 

34.86 

1.66 

(1300) 

I  88.0 

49.3 

51.62 

37.46 

1.57 

125.5 

11.8 

49.79 

35.76 

1.58 

88.0 

51.7 

52.77 

41.36 

1.45 

1160 

127.9 

12.4 

52.69 

38.51 

1.56 

1160 

88.6 

51.7 

50.99 

38.31 

1.51 

1160 

127.9 

51.6 

52.19 

36.29 

1.63 

1280 

127.8 

12.3 

51.87 

34.29 

1.71 

1280 

88.5 

53.0 

52.02 

37.61 

1.57 

1280 

129.2 
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Table  103. — Differential  measurement.     Apparent  viscosity  of  air  at  high  temperatures. 

« 
[Capillary  tubes  Nos.  5  and  6.     Z'-f  V"  =  4cm.    Z"  =  30.4<=™.    L=41.2*m.    B=  0.0184cm.    Thermo-couple 

No.  37.    0  =  4°.] 


p-p 

7h 

ye 

e" 

P 

P 

Ph/i?g 

39.9 

43.8 

52.5 

4 

117.4 

77.5 

1.00 

10.7 

44.7 

52.2 

4 

88.2 

77.5 

1.03 

10.7 
10.8 

43.3 
43.6 

51.9 
52.1 

4 
4 

88.2 
88.3 

77.5 
77.5 

1.00 
1.00 

39.8 

44.4 

51.3 

4 

117.3 

77.5 

1.04 

P-P 

7h 

Fg 

F(6") 

0" 

P 

P 

V 

'+$ 

44.0 

51.2 

16.2 

1.38 

587 

121.5 

77.5 

0. 000362 

0. 000501 

11.9 

51.9 

12.2 

1.78 

605 

89.4 

77.5 

259 

461 

44.6 

51.0 

15.4 

1.37 

614 

122.1 

77.5 

364 

498 

11.7 

52.1 

11.5 

1.86 

624 

89.2 

77.5 

258 

480 

44.5 

51.3 

14.9 

1.40 

630 

122.0 

77.5 

363 

508 

44.7 

51.6 

9.54 

1.61 

973 

122.3 

77.6 

0. 000364 

0. 000587 

11.7 

52.5 

7.22 

2.17 

974 

89.3 

77.6 

258 

560 

44.8 

52.1 

9.51 

1.63 

977 

122.4 

77.6 

364 

593 

11.4 

52.8 

7.05 

2.23 

977 

89.0 

77.6 

257 

574 

45.2 

51.5 

9.40 

1.63 

978 

122.8 

77.6 

365 

596 

11.5 

52.4 

6.96 

2.24 

979 

89.1 

77.6 

258 

578 

It  was  not  my  object  in  this  place  to  carry  this  method  to  a  high  de- 
gree of  perfection,  but  rather  to  show  the  feasibility  of  measuremeuts 
made  in  this  expeditious  aud  simple  way.  This  the  tables  effectually 
do.  Table  101  shows  that  for  tubes  of  the  large  radius  jR=0.025cm  the 
results  are  not  accurate  when  so  small  a  volume  as  F=50cc  transpiring 
at  zero,  is  made  the  standard  of  comparison.  They  are  irregular.  On 
the  other  hand,  when  the  standard  volume  transpires  at  high  tem- 
peratures (0=900°  and  6">6),  this  method  proves  to  be  quite  feasible 
aud  the  results  regular  (Table  102).  For  tubes  of  finer  bore  (i£=0.018cm), 
Table  103  shows  that  the  data  are  consistent  at  all  temperatures. 

Fortunately,  in  the  differential  method  the  errors  due  to  the  dead 
space  between  stop-cock  and  the  capillary,  if  this  space  be  made  small, 
is  nearly  eliminated. 

DISCUSSION. 

Apparent  viscosity  and  pressure. — To  obtain  a  clear  insight  into  the 
data  of  these  tables,  it  will  be  necessary  to  construct  them  graphically. 
This  has  been  done  in  Fig.  54,  p.  304,  in  which  the  abscissae  are  P— p, 
and  the  ordinates  the  value  of  t/"  given  by  the  Poiseuille-Meyer  formula, 
by  inserting  in  it  the  given  constants  of  the  apparatus  and  the  value  of 
the  pressure,  time,  and  volume  data  observed.    Commencing  with  Table 
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96,  which  contains  data  for  the  smallest  radius  occurring  in  the  present 
work,  22=0.0079cm,  it  appears  that  the  value  of  rj0  increases  very  perl 
ceptibly  as  P—p  increases.  The  different  lines  drawn  correspond  toi 
differences  in  bore  of  the  readjusted  tubes.  At  9.80°,  owing  to  thq 
length  of  time  of  a  single  observation,  only  one  datum  is  at  hand. 
Turning  thence  to  Table  97,  which  holds  for  tubes  of  a  larger  borej 
(i2=0.0184cm),  the  values  ?j4  77100  .  .  .  are  found  to  lie  on  very  nearly 
straight  lines,  which,  in  comparison  with  those  of  the  preceding  table, 
have  increased  enormously  in  obliqueness  ;  77  therefore  increases  at  a 
rapid  rate  with  P—p,  which  rate,  however,  diminishes  as  temperature 
increases,  and  is  nearly  zero  at  1025°.  Now,  iuas'much  as  the  rate 
of  axial  transpiration  decreases  with  temperature,  and  inasmuch  as 
Meyer's  formula  fails  for  values  of  the  velocity  of  the  particles  above  a 
certain  datum,  these  curves  suggest  that  the  observed  decrement  of 
slope  of  the  lines  produced  by  temperature  is  due  to  the  decrease  of 
the  axial  velocity  of  the  transpiring  particles  produced  by  the  same 
cause.  In  this  place  the  differential  results  of  Table  103  are  available, 
and  furnish  data  for  77625.  The  values  for  t/975,  which  Table  103  also  con- 
tains, are,  in  general,  in  good  accordance  with  the  data  of  Table  97, 
and  are  therefore  not  essential  to  the  diagram. 

Tables  98, 99,  and  100  contain  results  for  the  largest  value  of  radius, 
i2=0.027cm,  occurring  in  these  experiments.  In  Table  98  the  results  775, 
7ui  7ioo»  show  a  tendency  to  curvilinear  loci.  But  the  true  character  of 
the  phenomenon  appears  none  the  less  clearly.  The  mean  rate  of 
increase  of  7/  with  P—p  is  distinctly  larger  than  in  the  previous  instance 
(Table  97).  Again  the  slope  decreases  as  temperature  increases,  and 
is  practically  zero  at  930°.  Here,  therefore,  the  effect  of  the  axial 
velocity  of  the  transpiring  particles  is  again  apparent. 

Table  99  is  more  full  as  regards  the  sequence  of  data  contained,  as 
well  as  more  accurate  ;  7/4  shows  a  tendency  to  curvature,  but  the  points 
may  serviceably  be  grouped  on  a  straight  line  ;  t/676  is  the  mean  of  the 
first  set  of  results  for  tempsratures  of  the  Argand  air-bath.  Inasmuch 
as  pressures  are  high  and  low  alternately  in  both  this  series  and  the 
next,  the  line  connecting  corresponding  observations  has  fair  claims  to 
accuracy.  The  data  substantiate  the  inferences  drawn  with  reference 
to  Table  88.  The  lines  are  all  oblique  and  they  approach  horizontality 
in  proportion  as  higher  temperatures  are  reached. 

I  may  notice  here  that  in  case  of  high  temperatures  the  cooling  effect 
of  air  passing  through  the  capillary  under  high  pressure  was  very  dis- 
tinctly discernible,  the  thermo-couple  showing  differences  of  20°  to  40° 
between  the  maximum  and  minimum  rates  of  flow. 

Table  100  finally  contains  results  of  my  largest  radius,  jR>0.027cm,  the 
exact  value  of  which  I  do  not  now  care  to  measure,  because  the  capillary 
apparatus  has  been  carefully  put  together  and  all  mercury  manipula- 
tions involve  danger.  In  this  emergency  I  made  the  permissible  sup- 
position that  for  P— i>=0,  the  value  of  7/«  is  the  same  as  that  in  Tables 
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97  to  99.  This  enabled  me  to  reduce  my  relative  data  to  the  same 
standard  as  holds  for  the  Tables  97  to  90.  The  diagram  obtained  fully 
corroborates  all  the  inferences  deduced.  The  obliquity  of  the  lines 
decreases  from  low  to  high  temperatures,  i.  e.,  in  proportion  as  the 
velocity  of  the  axis  flow  decreases. 

Apparent  viscosity  and  temperature. — Considering  these  results  as  a 
whole,  and  representing  the  values  of  7/  when  P—p—0  as  a  function  of 
temperature,  0",  it  appears  that  the  curves  lie  farther  away  from  the  law 
?/'=iy0  t\-\-a6"'f  in  proportion  as  B  is  larger.  Thus  the  results,  77,  of 
Table  96,  i£=0.008cm,  conform  very  fully  with  this  law ;  the  results  of 
Table  97,  iv=0.01&cra,  fall  considerably  below  it,  and  finally  the  results 
of  Tables  98  to  100  where  R=0.025cm  lie  in  a  very  pronounced  way 
below  the  former.  As  the  bore  is  chosen  larger,  therefore,  the  effect 
of  temperature  becomes  gradually  less  pronounced,  and  for  R=0.025cm 
the  law  falls  even  as  low  as  7//=?/0  Vl+aO".  On  the  other  hand,  as  the 
bore  is  chosen  smaller  the  curves  ultimately  (R=Q.Q08cm)  coalesce  with 
the  law,  v"=7l0(\+ad"f. 

Obliquity  of  the  linear  loci. — In  Table  104 1  give  a  perspicuous  view  of 

the  observed  obliquity  of  the  lines  in  Fig.  54,  p.  304,  cp  being  the  angle  of 

these  lines  with  the  horizontal  relatively  expressed.     The  temperature 

77" 
of  transpiration  being  6",  the  value  —  in  the  table  is  computed  from 

Z-  =  {l+a6")i.       %-     however  is  computed  from  Fig.  54  when  P—p=0. 
Table  104. — Transpiration  of  air  in  wide  tubes. 


6" 

li 

tan  (/> 

-q" 

WJ  x  io6 

0 

0.008 

1.00 

20 

1.00 

240 

977 

(Table  96) 

2.79 

(00) 

2.77 

6G8 

4 

0.018 

1.02 

314 

1.02 

223 

100 

(Table  97) 

1.10 

298 

1.23 

244 

625 
1025 

4 

2.14 
2.65 

1.02 

64 

7 

461 

2.23 
2.84 

1.02 

474 

587 

225 

0.025 

675 

(Table  99) 

1.81 

228 

2.30 

404 

8C5 
1000 

7 

2,06 
2.38 

1.03 

166 
30 

488 

2.60 
2.80 

1.03 

458 
531 

228 

0.025 

1050 

(Table  100) 

2.13 

128 

2.88 

478 

1280 
*8 

2.50 

44 
274 

3.20 

560 
198 

0.018 

18 

(Table  108) 

0  012 

(Table  107) 

92 

100 

•r{ 

I   

124 

245 

\ 

"Air. 

fHydrt 

gen. 
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For  the  given  value  of  (9=4°  the  values  of  the  tan  cp  decrease  about 
as  rapidly  as  the  square  of  B.  It  is  to  be  noticed,  however,  that  thei; 
tan  cp  in  the  case  of  Table  96  is  probably  zero,  since  the  observed  posi- 
tive tan  cp  in  Table  104  is  compensated  by  an  observed  negative  tan  cp 
in  other  similar  cases.  Hence  if  tan  cp  is  to  be  represented  in  its  de- 
pendence both  on  if  or  6  and  B,  it  will  be  necessary  to  assume  an] 
exponential  form  in  which  powers  of  both  B  and  //'  are  exponents. 

Supplementary  results. — To  further  elucidate  the  relations  under  dis- 
cussion I  made  a  series  of  miscellaneous  low-temperature  experiments.' 
Table  105  contains  data  for  a  glass  tube  of  fine  but  not  rigorously  uniform 
capillary  bore.  Here  the  variations  of  7;  with  P—p  are  quite  insignificant, 
proving  that  the  obliquity  cp  observed  is  not  due  to  any  imperfection  of 
apparatus.  The  second  part  of  the  table  contains  results  for  a  tube  ofj 
larger  bore  than  any  of  the  metallic  tubes.  Nevertheless  the  variation 
of  cp  here  is  not  proportionately  large.  The  temperature  of  the  re-' 
ceiver  B,  Fig.  44,  is  given  under  t. 

Table  105. — Transpiration  in  glass  tubes. 
[Capillary  tube  No.  I.     L-=3Q.0«°.    E=0.0111cm.     F=565.7CC.     0=6.6°.  J 


p 

V 

t" 

P2-P2     „, 
p       **" 

ti 

T 

*• 

124.06 

76.70 

394 

49040 

6.6 

21.0 

0. 0001505 

123. 96 

76.70 

398 

49350 

6.6 

20.8 

1515 

88.91 

76.63 

1847 

49220 

6.6 

21.2 

1511 

88.93 

76.63 

1838 

49080 

6.6 

21.4 

1508 

124.  08 

76.50 

394 

49430 

6.6 

21.6 

1517 

124.  06 

76.50 

394 

49410 

'  6.6 

21.8 

1518 

[CapillarytubeNo.il.     i=34.25cm.    i?=0.0302<:m.     "r=565.7cm.     0=6.6°.] 


86.  96 

76.48 

72 

1613 

6.6 

21.7 

0. 0001946 

86.89 

76.48 

73 

1624 

6.6 

22.3 

1960 

85.66 

76.48 

82 

1597 

6.0 

22.5 

1933 

85.72 

76.48 

82 

1598 

6.6 

22.7 

1935 

Table  106  shows  that  similar  variations  of  ?/  with  P—p  (i.  e.,  the  ob- 
liquity cp)  occurs  in  case  of  silver  tubes,  the  capillary  being  employed 
in  two  different  lengths.  Curiously  enough,  the  value  of  cp  here  does 
not  vary  with  L.  There  may,  however,  be  a  compensation  in  B.  Silver 
capillary  tubes  could  not  be  obtained  in  such  excellent  quality  as  the 
platinum  tubes. 
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Table  10G. — Transpiration  in  silver  tubes. 

[Silver  capillary  tube  No.  I.    ,L=71.00cn>.     12=0.0181'="'.     F=566ec.    9—6.7°.] 
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p 

P 

t" 

P2-P2     , 

6" 

T 

n" 

4<" 

o 

122.  61 

75.85 

281 

34370 

6.7 

22.7 

0.  0002612 

122. 61 

75.85 

282 

34490 

6.7 

22.7 

2620 

88.07 

75.85 

986 

26040 

6.7 

22.7 

1978 

87.98 

75.85 

992 

26010 

6.7 

22.9 

1976 

87.93 

75.85 

992 

25880 

6.7 

23.  0 

1969 

122. 46 

75.85 

280 

34120 

6.7 

23.1 

2599 

[Same  spiral  shortened.     i=35.27cm.l 


119.  59 

75.90 

153 

17220 

•,7 

22.2 

0.  0002629 

119.  56 

75.90 

154 

17310 

6.7 

22.0 

2631 

87.36 

75.90 

520 

12820 

6.7 

21.8 

1956 

87.44 

75.90 

521 

12940 

6.7 

21.6 

1971 

119.  46 

75.90 

155 

17380 

6.7 

21.2 

2645 

Table  107,  with  results  for  a  fine  platinum  capi  llary,  has  been  iDCor 
porated  here,  and  corroborates  the  present  results. 

Table  107. — Transpiration  in  platinum  tubes.     Air. 
[Capillary  tube  No.  9.    Z=21.2cm.    Jj^O.OLlS1"".     F=r565.7"c.    0=7.0°.] 


p 

P 

t" 

P2_«2 

Z-  Xt" 

P 

6" 

T 

r," 

4c- 

o 

*123.  66 

47.74 

531 

66640 

7.0 

19.0 

0.  0003049 

123. 80 

47.88 

530 

66740 

7.0 

19.5 

3060 

88.17 

12.25 

2137 

56570 

7.0 

20.1 

2601 

88.05 

12.13 

2163 

56660 

7.0 

20.6 

2607 

83.30 

12.38 

2112 

56540 

7.0 

21.2 

2609 

1 123.  63 

47.  74 

525 

65900 

7.0 

22.4 

3053 

<p  =  75.92. 


\p  =  75.89. 


Table  108,  with  which  I  will  close  the  present  series  of  supplementary 
data,  has  a  direct  and  important  bearing  on  the  discussion.  Hydrogen 
and  air  are  here  passed  through  the  same  platinum  tube  consecutively. 
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Table  108. — Transpiration  in  platinum  tubes.     Hydrogen. 
[Capillary  tribe  ISTo.  8.     £=40.5cm.     i?=0.0182cm.     "F=565.7CC.     0=7.8°.    p=74.95°"\J 


p 

P-jp 

t" 

—  X  t" 

p 

6" 

T 

v" 

1+W/R" 

112.  56 

37.59 

107 

10060 

o 
7.8 

22.6 

0. 0001354 

112.  52 

37.55 

107 

10050 

7.8 

22.7 

1355 

112.06 

37.09 

108 

9990 

7.8 

22.8 

1347 

85.75 

10.78 

352 

8160 

7.8 

22.9 

1100 

85.72 

10.75 

354 

8160 

7.8 

23.1 

1101 

85.64 

10.  67 

355 

8120 

7.8 

23.2 

1096 

112.72 

37.75 

107 

10110 

7.8 

23.3 

1365 

112.  67 

37.70 

107 

10090 

7.8 

23.4 

1365 

[Same  apparatus  with  air.] 


120. 47 

45.55 

202 

24000 

7.8 

23.4 

0. 0003240 

120.  55 

45.63 

201 

23930 

7.8 

23.5 

3235 

86.66 

11.74 

676 

17120 

7.8 

23.2 

2311 

86.59 

11.67 

675 

16980 

7.8 

23.0 

2292 

120. 52 

45.60 

202 

24030 

7.8 

22.8 

3238 

The  results  are  very  instructive.  In  the  experiments  (Fig.  54,  p.  304 
tan  cp  increases  with  the  rate  of  flow,  or,  ceteris  paribus,  with  the  vis 
cosity  of  the  gas.  Hence  one  would  infer  that  in  the  case  of  hydrogen 
and  air  passing  through  the  same  tube,  ceteris  paribus,  the  obliquity 
would  be  decidedly  greater.  The  experiment  shows  precisely  the  re 
verse  result ;  tan  cp  diminishes  more  than  proportionally  to  the  viscosity 
the  ratio  (Table  104)  being  as  3  :  2. 

General  remarks. — I  regret  that  my  research  must  be  closed  withj 
these  experiments,  and  that  it  is  not  expedient  to  continue  the  work] 
further.    To  do  this  I  should  need  to  repeat  the  work  with  special  care] 
in  the  measurement  of  temperature  and  in  the  determination  of  the  ca- 
pillary  radius.     Nevertheless,  the  survey  of  the  present  field  of  inquiry  ^ 
is  by  no  means  unsatisfactory.     My  results  show  conclusively  that  the  ■ 
character  of  the  internal  surface  of  the  transpiration  tube  is  of  marked] 
influence  on  the  result.     The  absence  of  obliquity  (cp)  in  glass,  and  its] 
frequent  occurrence  in  metallic  tubes,  may  be  referred  to  the  smooth- 
ness  and  roughness  of  the  respective  internal  surfaces.     Bough  surfaces 
are  associated  with  eddies  aloug  the  line  of  flow,  by  which  it  is  retarded 
and  apparent  viscosity  is  increased.     The  absolute  value  of  viscosity 
measured  by  transpiration  through  metallic  tubes  is  greater  than  the 
viscosity  measured  by  transpiration  through  glass  tubes.    This  I  have 
in  general  found,  and  although  the  effect  of  the  discrepancy,  possibly 
due  to  roughness,  is  not  vital  in  case  of  my  smallest  tube,  No.  10  (Tables 
81  to  90,  R  =  0.008cm),  I  have  none  the  less  thought  it  wise  to  state  my 
result,  ?/'=tjo  (1+tf  Q")*  ,  with  caution,  and  to  pursue  the  present  critical 
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iquiry  as  far  as  the  present  section  indicates.  Inasmuch  as  I  have 
roved  that  as  R  decreases  from  my  largest  to  my  smallest  radius,  the 
nine  of  F(6'%  which  holds  for  P—  p=0,  increases  and  finally  merges 
lto  (1  -f  a  6")*  independently  of  pressure,  I  have  accomplished  the  main 
urposes  of  this  section. 

Intimately  connected  with  the  present  discussion  is  the  occurrence  of 
urface  condensation  of  gases  on  platinum.      If  the  law  of  inverse 
quares  holds,  then  there  will  be  no  tendency  of  gases  to  condense  in 
be  capillary  caual,  however  finitely  small.     This  follows  from  the  con- 
tant  potential  of  a  homogeneous  elliptical  shell  (of  which  the  capillary 
ube  may  in  a  special  sense  be  said  to  be  compounded)  on  any  points 
iclosed  within  it.    But  in  the  case  of  the  law  of  inverse  squares  or 
ny  higher  law,  there  may  be  condensation  infinitely  near  the  surfaces, 
ogether  with  the  possibility  that  molecules  condensed  on  the  walls  of 
he  tube  may  again  find  their  way  into  the  canal.     The  occurrence  of 
aol  ecu]  ar  aggregates  in  the  canal  or  transpiring  current  of  gas  in  virtue 
f  surface  action  of  the  platinum  can  not  therefore  be  assumed  to  be  nil. 
Kayser1  finds  that  the  height  of  the  condensation  atmosphere  of  am- 
nonia  on  glass  inay  exceed  ,0002cm.     Compared  with  the  radius  of  my 
pillary  tubes  (i£=.008cm),  this  is  by  no  means  small.     Hence  there  is 
beason  to  infer  that  the  increased  molecular  aggregation  of  the  trans- 
>iring  gas  is  not  negligible.    In  conformity  with  the  results  of  Kayser 
md  of  Chappuis2,  O.  Schumann3  altogether  rejects  the  transpiration 
nethod.    I  believe  these  strictures  much  too  severe.     Schumann's  own 
)bservations  are  made  at  temperatures  not  exceeding  100°.     Neither 
Tom  these  nor  from  any  other  earlier  researches  can  the  transpiration 
3ehavior  of  a  gas  between  400°  and  white  heat  be  safely  predicted.     In 
cables  81  to  88  I  have  given  the  data  in  detail  in  order  to  show  the  ex- 
cellent accordance  of  the  data  among  themselves,  even  if  an  hour  or 
more  of  heating  to  redness  intervenes.    The  differences  are  clearly 
errors  of  observation.     If,  therefore,  condensation  discrepancies  are 
present,  their  time  of  variation  must  be  almost  instantaneous. 

Furthermore,  the  identity  of  law  (l+«  0)1  for  both  air  and  hydrogen 
is  most  easily  interpreted  as  an  immediate  fact.  Otherwise  it  will  be 
necessary  to  suppose  that  air  and  hydrogen  as  regards  condensation  on 
platinum  behave  identically  5  or  that  possible  differences  of  the  law  for 
air  and  hydrogen  are  just  compensated  by  the  condensation  discrep- 
ancy. Both  of  these  alternative  hypotheses  are  exceedingly  improb- 
able. Again,  the  law  (1+a  #)*  applies  for  hydrogen  at  all  temperatures 
between  zero  and  white  heat.  It  is  therefore  clear  that  in  case  of 
marked  condensation  the  simple  law  in  question  would  Shave  to  be  re- 
placed by  a  much  more  complicated  function.     If,  finally,  the  transpi- 

1  Kayser:  Wied.  Ann.,  vol.  14, 1881,  p.  450. 

2 Chappuis:  Wied.  Ann.,  vol.  8,  1879,  p.  1.     Cf.  J.  W.  Langley  :  Zeitsclir,  f.  Phys. 
Chem.,vol.2,1888,p.83. 
3Q,  Schumann;  Wied.  Ann.,  vol.  33, 1884,  pp.  381,  385. 
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ration  method  were  to  be  rejected,  it  seems  to  me  that  very  little  ex-, 
perimental  elucidation  of  the  thermal  variation  of  gaseous  viscocity 
will  be  obtainable.    1889.] 

Again,  the  quantity  actually  measured  is  not  rj  but  — %- ,  where  C  is 

the  coefficient  of  slip  (Gleitungs  coefficient) ;  %  being  inversely  pro- 
portional to  pressure1,  or  according  to  Meyer2  and  others,  a  direct  ex-l 
pression  for  mean  free  path.  Hence  it  must  have  a  smaller  value  in  the 
case  of  platinum  tubes  than  in  the  case  of  tubes  of  glass,  because  of  the 
tendency  of  gas  to  condense  on  metallic  (platinum)  surfaces.  What- 
ever discrepancy  is  introduced  by  C  will  therefore  be  more  serious  in 
case  of  glass  than  in  case  of  platinum.  From  this  point  of  view  results 
with  metallic  capillary  tubes  have  greater  claims  to  correctness.  Fur- 
ther remarks  on  this  quantity  £  I  have  given  elsewhere.3 

THE  NEW  METHOD  OF  PYROMETRY. 

PRACTICAL   REMARKS. 

Appurtenances. — Having  endeavored  to  investigate  the  theory  of  the 
transpiration  thermometer  it  will  be  expedient  to  close  this  chapter 
with  a  few  practical  remarks.  Equation  12,  on  page  281,  shows  that 
thermal  data  can  be  measured  in  terms  of  time,  t,  or  of  volume,  V0j  or 

again  in  terms  of  the  rate  at  which  volume  increases,  - .° -";    or  even  in 

P— v 

terms  of  the  pressure  factor,  -•     Any  of  these  quantities  varies  as 

the  f  power  of  absolute  temperature,  and  hence  the  sensitiveness  of 
the  method.  As  regards  expedition,  however,  the  differential  methods 
are  possibly  more  serviceable;  and  either  the  volume  method  which  I 
employ  on  page  293  or  Mr.  Holman's  method  used  either  with  compres- 
sion or  exhaustion  is  available.  Again,  if  a  suitable  jet-pump  is  not  at 
hand  and  if  the  mercury  apparatus,  page  243,  Fig.  43,  presents  too 
much  practical  inconvienence,  a  bell-jar  arrangement,  like  the  gasome- 
ter, Fig.  35a,  page  179,  in  which  the  light  bell  may  be  weighted  either 
positively  or  negatively,  suggests  itself.  Such  an  apparatus  may  of 
course  be  made  small  and  refilled  for  each  measurement.  Differential 
apparatus  obviate  the  use  of  chronometers  and  of  pressure  measure- 
ments, and  solution  and  other  errors  are  similarly  eliminated. 

The  transpiration  pyrometer. — To  fully  utilize  the  accuracy  of  measure- 
ment of  which  the  transpiration  pyrometer  is  capable,  it  is  necessary  to 
give  the  instrument  a  different  form  from  that  used  in  the  present  pio- 
neering experiments.     Inasmuch  as  it  was  my  object  to  study  effects  in- 

i  Kuudt  u.  Warburg :  Pogg.  Ann.,  vol.  155,  1875,  pp.  337,  525. 
3 Meyer:  Kinetische  Theorie  d.  Gase,  p.  152. 
Barus:  Wied.  Ann.,  vol.  36,  1889,  p.  383. 
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solving  changes  of  the  capillary  bore  of  the  tubes,  no  fixed  or  elaborate 
brin  of  transpiration  pyrometer  would  have  served  as  well  as  the  im- 
provised arrangement  described  in  Figs.  45  and  46.  Equation  12,  how- 
ever, contains  the  clue  for  the  construction  of  a  practical  transpiration 
)yrometer.  The  equation  shows  that  the  correction  for  ends  decreases 
vith  extreme  rapidity  with  the  ratio  of  bores  of  the  cold  and  hot  parts 
)f  the  pyrometer,  i.  e.,  as  the  fourth  power  of  B"Q/R0.  Hence  the  dis- 
torting effect  of  cold  ends  can  be  easily  eliminated  by  making  the  cen. 
ral  parts  of  the  tube  slightly  more  capillary  than  the  terminal  parts. 
Che  accompanying  diagrams  suggest  some  serviceable  methods  by  which 
Ms  may  be  done. 

Fig.  49  represents  an  available  form  of  apparatus  in  which  the  termi- 
nal tubes  a  and  b  are  relatively  large,  each  of  semicircular  section  with 
jheir  fiat  sides  juxtaposed.  The  capillary  tube  is  shown  at  c  c,  and  may 
be  wound  in  any  desirable  spiral  form,  open  or  closed.  To  protect  it 
in  envelope  d  of  platinum  surrounds  the  helix  of  capillary  tube  c  c, 
With  regard  to  this  form,  it  is  to  be  noticed  that  the  interior  volume  in 
the  terminal  tubes  a  and  b  must  be  reduced  as  far  as  possible  so  that 
thermal  changes  of  the  air  inclosed  may  not  sensibly  affect  the  result. 
[n  view  of  the  difficulty  of  welding  the  capillary  tube  e  c  into  the  larger 
terminal  a  and  &,  the  form  Fig.  50  has  advantages.  Here  the  terminal 
a  is  a  circular  tube,  and  is  drawn  down  upon  the  capillary  tube  c  by  aid 
of  the  wire  plate.  By  this  method  a  tight  joint  may  be  produced  in  such 
a  way  as  not  to  endanger  the  platinum  capillary.    Slight  changes  of  the 


3=3oacxy^^ 


Fig.  49. 


^ 2. 


& 


Fig.  50. 


Fig.  51. 


c  ,h 


Fig.  52. 


Figs.  49,  50,  51,  52,  53,  Diagrams  of  practical  traspiration  pyrometers. 
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capillary  bore  for  the  small  length 
d,  where  the  two  tubes  are  in  con- 
tact, will  only  change  the  mean 
radius  _R0,  and  will  be  fully  al- 

lowed  for  in  measuring 


% 


in  the 


manner  indicated.     (See  p.  282.) 
Another  way  of  making  capil- 
lary tubes  with  large  terminal 
ends  is  shown  in  the  exaggerated 
diagrams  Figs.  51  and  52.     In 
Fig.  51  a  smaller  capillary  tube 
g      is  inserted  at  c  in  the  larger  tube 
g      a  b.    The  latter  is  then  drawn 
*      down  in  the  wire  plate  until  c  has 
J     the    requisite    small    diameter. 
I      Again,  a  simple  platinum  wire  c 
p      may  be  inserted  into  the  tube  a  b, 
I      as  Fig.  52  suggests.   These  forms 
&     have  the  advantage  as  consisting 
c      of  uniform  tubes  without  solder- 
%     ing,  so  that  the  danger  of  leaks 
I      where  the  terminals  join  the  tube 
|      is  obviated. 

|  Finally,  the  simplest  and  surest 
|  method  of  decreasing  the  central 
ef  capillary  bore  consists  in  rolling 
I  down  the  central  part  in  a  wire- 
S  rolling  mill,  the  two  rollers  of 
|  such  a  mill  being  appropriately 
g      grooved. 

g  Without  passing  judgmeut  on 
14  any  of  these  forms,  it  is  clear 
that  the  simple  capillary  tube 
used  in  the  above  experiments 
can  be  made  to  subserve  the  pur- 
poses of  thermal  measurement 
in  the  way  shown  in  Fig.  53. 
Here  the  ends  cf  c'  of  the  plati- 
num capillary  tube  c'  c  c  c'  are 
surrounded  by  the  larger  tubes 
a  b,  and  a  current  of  cold  water 
circulates  with  great  rapidity 
from  a  into  b  across  the  septum. 
Knowing  the  temperature  of  the  cold  ends  of  the  capillary  (this  being 
the  temperature  of  the  water  in  a  and  &),  the  correction  meinber  can  be 
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calculated.  The  tubes  a  and  b  are  again  made  of  semicircular  section 
with  their  flat  faces  juxtaposed. 

Eeturning  from  this  digression  to 
the  typical  form,  Fig.  49,  it  appears 
that  the  practical  dimensions  given 
to  the  instrument  need  not  exceed 
those  of  an  ordinary  mercurial  ther- 
mometer. The  capillary  tube  may 
easily  be  wound  in  a  closed  helicoidal 
form  with  an  external  diameter  of    ~     cc  _.      .,.      „  .    ,.„ 

Fig.  55.  Disposition  of  apparatus  for  differ- 

not  more  than  0.6cm,  and  a  length  not  eutiai  measurement. 

greater  than  2.5cm.  Such  a  spiral  can  therefore  be  made  to  lie  wholly 
within  the  central  tube  of  my  reentrant  porcelain  air  thermometer,  Fig. 
33,  and  the  comparison  between  transpiration  pyrometer  and  air  ther- 
mometer may  then  be  effected  with  nicety  in  the  same  way  as  has  been 
explained  above,  page  180.  It  is  merely  necessary  to  replace  the  ther- 
mo-couple by  the  transpiration  pyrometer  in  the  diagram  of  the  re- 
volving muffle,  to  carry  out  the  present  comparison  in  detail. 

Again,  it  is  curious  to  note  that  by  selecting  capillary  tube  of  small 
external  diameter  and  keeping  the  terminals  a  and  b  insulated  by  plates 
of  mica  and  the  turns  of  platinum  capillary  tube  apart  (Fig.  49)  the 
platinum  spiral  may  be  heated  to  any  degree  of  redness  by  the  current 
of  a  dynamo  electric  machine.  To  obtain  extreme  degrees  of  tempera- 
ture it  is^of  course  necessary  to  surround  the  tube  cc  with  some  non- 
conducting substance,  for  instance  layers  of  carded  asbestos.  If  the 
free  space  surrounding  the  axis  of  the  helix  of  platinum  wire  be  large 
enough  to  admit  the  insulator  of  a  thermo-couple  snugly,  a  comparison 
between  the  indication  of  the  transpiration  pyrometer  and  of  the  ther- 
mo-couple may  be  made  at  once,  the  degree  of  high  temperature  being 
regulated  by  the  electric  current  which  circulates  through  the  helix  of 
the  platinum  capillary  tube.  This  form  of  calibration  apparatus  ap- 
pears to  my  mind  to  be  at  once  the  simplest  and  the  most  elegant  as 
well  as  the  most  efficient  form  yet  devised.  Perhaps  I  may  add  that  if 
the  resistance  of  a  hot  platinum  capillary  tabe  be  measured  the  thermal 
variation  of  resistance  is  obtainable  for  long  ranges  of  temperature. 

Supposing,  therefore,  that  for  a  given  (diatomic)  gas  the  law  of  sixth 
roots  characterizes  the  thermal  variations  of  mean  free  path,  it  appears 
finally  that  the  present  method  is  especially  well  adapted  for  the  high 
temperature  study  of  dissociation  phenomena  in  gases ;  for  dissociation 
here  means  the  degree  of  discrepancy  between  the  law  holding  under 
the  given  condition  of  dissociation  and  the  normal  law  of  sixth  roots. 
In  the  case  where  gases  permeate  platinum  at  high  temperature  (the 
case  of  hydrogen  and  of  many  hydrocarbon  gases)  it  is  necessary  to 
inclose  the  transpiration  pyrometer  in  a  glazed  porcelain  tube  which 
fits  snugly  around  it.  This  tube  is  closed  at  the  hot  end,  and  filled  with 
the  hydrogen  or  other  gas  in  question  at  a  pressure  equal  to  the  mean 
Bull.  54 20  (959) 
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pressure  £  {P+p),  at  which  transpiration  takes  place.  In  this  way  the 
occurrence  of  diffusion  across  the  walls  of  the  tube  is  obviated  and  the 
undistorted  phenomenon  is  observable.  Indeed,  the  envelope  of  porce- 
lain tube  to  surround  the  platinum  capillary  apparatus  is  advisable  in 
all  cases  where  the  pyrometer  is  directly  exposed  to  flame  or  under 
other  circumstances  in  which  the  permeation  discrepancy  is  to  be; 
apprehended. 
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thermo-electric  datum  for  melting-point,  124. 

purified  by  heating,  126, 146. 

silicification  of,  187. 

pervious  to  hydrogen,  264, 275, 283. 

disintegrates  at  high  temperatures,  276. 
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air  thermometer  bulbs,  171. 

machine  for  soldering,  175. 
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v.  Steinle  and  Hartung,  graphite  Dvrometerof, 

27. 
Stenger,  radiation  work  of,  46. 
Stokes  on  viscosity  of  air,  24U. 

flow  of  viscous  liquids,  241. 
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coefficient,  zero  value  of,  161. 

effect  of,  on  wide  tube  transpirations,  297. 
Temperatures,  constancy  of,  in  boiling  tubes,  104. 

equality  of,  tested  thermo-electrically,  67. 
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Thomson,  J.  J.,  resistance  pyrometry  of,  52. 
Thomson,  Sir  William,  article  "Heat"  of,  23,  25. 
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advantages  of,  281. 
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Vapor  bath,  of  mercury,  constant  temperature 
of,  105. 

of  sulphur,  constant  temperature  of,  107. 

of  zinc,  constant  temperature  of,  108. 
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Waterston,  measures  high  temperature  expan- 
sion of  water,  27. 
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Weber,  L.,  electrics  of  alloys  measured  by,  145. 
Wedgwood,  pyrometer  of,  25. 
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Zabel,  air  thermometer  of,  32. 
Zero  of  temperature  coefficient,  161. 
Zinc,  boiling  point  of,  24, 29, 30, 31, 34, 35. 
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